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ABSTRACT
Silicon-based devices have dominated the industrial solar cell marketplace for several decades,
thanks to the low bulk defect concentration and technological relevance of silicon substrates. This
has led to an oversupply of dopant-diffused homojunction technologies, which suffer from signifi-
cant performance losses at the metal-silicon contact interface. In response, the research community
has developed carrier-selective heterojunction contacts, which separate the metal from the silicon
absorber with heavily-doped silicon layers. These novel contacts provide the same asymmetrical
conductivity as the diffused junction in the previous generations of silicon solar cells, but with less
processing complexity and greater device performance.
Still, the silicon based contacts often limit the performance of the heterojunction solar cell due to a
lack of transparency, a high resistivity, and often limited processing space. An alternative approach
to forming these heterojunction contacts is to use oxide materials, which offer a wider variety
of material parameters than doped silicon contacts while offering greater optical transparency.
The purpose of this dissertation is demonstrate the implementation of novel oxide-based carrier-
selective contacts, deposited by atomic layer deposition, a soft deposition technique that offers
greater control and uniformity than other traditional techniques.
An overview of the history and current state-of-the-art for silicon photovoltaics is first given, fol-
lowed by a chapter on solar cell device physics. The following chapters present demonstrations of
ALD oxide materials for solar cell passivation, carrier-selectivity, and charge transport. The struc-
ture, processing, and properties of these materials are then used to demonstrate the performance
of different solar cell devices followed by a forward-looking perspective on the potential of these
materials in the industrial solar cell marketplace.
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CHAPTER 1: INTRODUCTION
1.1 Climate Change and the Global Energy Crisis
The 47 least developed countries in the world are also among the world’s fastest growing countries,
and many are expected to double in population between 2019 and 2050 [11]. This rapid growth
places strain on the already-depleted global resources for energy production. Simultaneously, these
countries are most vulnerable to the disastrous effects of climate change compared to others. One
of the greatest challenges in the coming years will be for these developing nations to sustainably
ramp up their energy production in ways that can keep up with their growing populations.
Extensive evidence indicates that the earth’s climate has warmed significantly during the 20th cen-
tury [12]. Trends in the earth’s climate variables such as alpine glacier temperatures, extent of
snow coverage, precipitation levels, as well as the variation of the earth’s surface temperatures all
indicate a global warming trend [13, 14, 15]. Of all of the greenhouse gases, CO2 has the largest
increase in concentration over time [16]. CO2 is responsible for the largest contribution to positive
radiative forcing, the positive change in net radiative flux at the troposphere due to a change in
solar and/or infrared radiation, accounting for 64% of the total change in radiative forcing globally
[17]. The steady increase of CO2 can be directly related to the increased use of fossil fuels during
the 20th century, and non-renewable energy production is responsible for one of the largest portions
of CO2 production globally [16, 12].
A need for clean, renewable energy sources is imperative for the health of our growing world.
Especially for those developing nations who are at a high risk to the social and health impacts of
climate change. Leaders around the world are paying close attention to the development of renew-
able energy resources and are investing into the research and development of energy technologies
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with little to no contributions to global CO2 production.
1.2 Renewable Energy Resources
Transitioning from an energy economy consisting primarily of fossil fuel resources to a renewable
energy economy will take a significant amount of time and investment. To give a picture of why
this is so, Figure 1.1 compares the percent contribution of each energy resource to global elec-
tricity production in 2017. Figure 1.1a, shows the percentage of global energy generation of each
resource available. Fossil fuels represent the major source of energy production around the world
with hydroelectric energy being the next largest source at 16.5%. Notice that solar energy only
represents 1.8% of global energy generation. Figure 1.1b, which plots the percentage of power ca-
pacity of each energy resource, shows solar representing 5.7% of power capacity globally, a slice
that is over 3 times larger than that in the plot of energy generation in Figure 1.1a. Because solar
plants only generate power when the sun is shining, they are only able to deliver about 40% of the
Figure 1.1: Global statistics of the distribution of energy resources in 2017. a) Electricity genera-
tion by sector. b) Electricity rated capacity by sector. c) The fractional change from 2016 to 2017
of the global electricity capacity per sector. Data taken from [1].
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electricity that a conventional plant would over a 24 hour period [18].
Figure 1.1c plots the percentage of new capacity of each energy resource that was installed in 2017,
with solar representing over a third of all new global capacity. This figure indicates the speed at
which solar is growing, despite its currently minor contribution to global generation. Fossil fuel
capacity was growing at roughly the same rate as solar capacity in 2017 and is expected to slow
in the coming years, with more plants decommissioned than plants built in 2019 [19]. In 2017
cumulative solar capacity reached∼387 GW [1]. This represents a∼56 factor increase since 2006
[20]. Additionally, PV is expected to lead renewable energy capacity growth over the next five
years [21], making it a crucial component of the solution to our global energy crisis.
1.3 Economics of the Solar Energy Industry
To understand how solar capacity has been able to expand so rapidly in recent years, one must
understand the history of the solar economy. Much of this history began in the 1970’s and into
the 1980’s, where many countries began exploring alternative sources of energy to diversify their
energy portfolios and establish energy independence from major oil suppliers. Events such as the
oil embargo of 1973 caused the United States to fund research in the solar industry. In 2000, the
German Renewable Energy Sources Act established a government-set feed-in tariff, which would
last for twenty years [22]. This was a key initiative which helped drive PV costs to their currently
low levels. It also stimulated much of the development in manufacturing that is seen today in
advanced PV technologies.
During this time, Suntech, one of the first major PV manufacturers was established in China,
where the government was providing many incentives for private business to expand. In 2002,
Suntech began supplying modules to Germany, which allowed the company to grow rapidly [23].
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In 2005, Suntech was listed on the New York Stock Exchange (NYSE), which caused many US
investors to begin searching for other Chinese PV manufacturers to list. By 2008, several of these
manufacturers had also been listed on the NYSE and formed what can be considered the foundation
of the PV manufacturing industry.
At this point the dominant substrate material for solar cell production was silicon. Silicon is the
second most abundant element on earth, next to oxygen, making up 27% of the earth’s crust [24].
The semiconductor industry had already demanded a strong supply of high-quality silicon by this
time, which made the price of silicon much lower than other absorber materials [25]. For these
reasons, silicon solar cells dominated the PV market and makes up 93% of the PV market today
[26]. In the early 2000’s, most companies were producing what is now known as the Aluminum
Back-Surface-Field (Al-BSF) homojunction solar cell. As shown in Figure 1.2a, this device has a
simple design with an n+ diffusion into a p-type crystalline silicon (c-Si) substrate to form a p-n
homojunction. The back contact is annealed so that Al species present in the metallization diffuse
into the p-type bulk to form a P-p junction, referred to as the ’back-surface-field.’ These devices
are capable of producing 16.5-19% efficiencies [27].
A more advanced solar cell design, known as the Passivated Emitter and Read Locally-Diffused
(PERL) cell, had held the world record for efficiency of 25% for quite sometime [28]. A schematic
diagram of this design is shown in Figure 1.2b. This cell, now generically referred to as the Pas-
sivated Emitter and Rear Cell (PERC), applies a thick dielectric stack (typically SiNx/Al2O3) to
the rear contact to electronically deactivate defect sites at the c-Si/Al interface. This improves the
maximum voltage that the device is capable of producing under open circuit conditions. Local
Al-BSF contacts are then formed by laser-ablating the dielectric stack and applying the Al met-
allization. For quite some time, cell manufacturers were eager to introduce this device to their
production lines, but its expensive fabrication process prevented it from emerging in the market.
In 2009, after a 6 year collaboration between Suntech and the University of New South Wales,
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Figure 1.2: a) An Al-BSF solar cell with a lightly doped n+ emitter with a p-type base. A p+/p
junction is formed at the rear surface by diffusing aluminum species into the p-Si. b) A Passivated
Emitter and Rear (PERC) solar cell with a local Al-BSF rear contact. The non-contacted regions
of the rear surface are passivated with a thick SiNx/Al2O3 stack.
the costly manufacturing limitations to PERL production had been overcome and these cells were
put into production with efficiencies ranging from 18.0-20.5% [29, 27]. Both the Al-BSF and
PERC technologies soon became the dominant technologies in the PV market, with the majority
of manufacturers producing one or both designs for their modules.
The oversupply of Al-BSF and PERC technologies in the solar market, combined with the 2008
financial crisis caused a significant drop in PV module price and cost, as can be seen in Figure
1.3. After 2008, many PV manufacturers struggled to remain profitable and by 2012 several had
been forced out of the industry. From 2012 onward, module costs have steadily reduced as a re-
sult of module efficiency improvements, material cost reductions, increased production plant size,
and market-stimulating policies [30]. The abundance of Al-BSF and PERC technologies at such
low prices has prohibited the emergence of more advanced cell architectures in recent years[18].
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Figure 1.3: Average solar PV module cost in USD per Watt-peak from 2005 to 2019. Data taken
from [2] for 2005 to 2016 and [3] for 2016 to 2019.
However, as the demand for solar generation increases due to the need to reduce carbon emissions,
a shortage in the current generation of technologies could create opportunities for emerging PV
technologies to occupy larger shares of the PV market.
The next generation of devices to emerge in the PV market will combine the low cost and ease of
production of the Al-BSF cell with the high efficiencies produced by PERC cells. One advanced
cell architecture that has potential to be cost-competitive with Al-BSF and PERC technologies
is the passivating, carrier selective contact solar cell. This type of architecture has already been
demonstrated with a variety of materials and compositions. One such design is the Silicon Het-
erojunction (SHJ) solar cell, as shown in Figure 1.4a. This device passivates the surface of a high
purity n-type c-Si absorber with a thin layer of intrinsic hydrogenated amorphous silicon a Si:H
(i) [31]. Doped n-type and p-type a-Si:H layers are then deposited asymmetrically on the surfaces
to create n+/n and p+/n heterojunction contacts, which ’select’ the majority carrier electrons and
minority carrier holes, respectively. Hence, the descriptor ’carrier selective contact.’ This class
of solar cell architectures combines the benefits of surface passivation, found in PERC solar cells
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Figure 1.4: a) A Silicon Heterojunction (SHJ) solar cell with intrinsic amorphous silicon a Si:H
(i) passivating surface defects on the n-type c-Si surfaces. Doped a Si:H layers are deposited on
each passivated surface to create the asymmetrical carrier selective contacts, which select either
electrons or holes for carrier transport. Indium tin oxide is used as a transparent contact, which
transports carriers laterally to the metal electrodes. d) A a passivated carrier-selective contact solar
cell with symmetrical SiOx/Al2O3 layers passivating the n-type c-Si surface defects. MoOx and
TiOx function as p-n and n-N junctions, respectively. Al-Doped zinc oxide (AZO) is used as a
transparent contact to minimize surface reflectance and laterally transport carriers to the metal
electrodes.
with the simplified fabrication process of the Al-BSF. For the remainder of this work, this class of
solar cells will be referred to as ’passivating, carrier selective contacts.’
Even with it’s record efficiency and simplified fabrication process, the performance of the SHJ
solar cell has potential to be improved upon. The a-Si:H layers produce optical absorption of high
energy light when used as the front contact of a solar cell, limiting the amount of current available
to the device. Additionally, many groups have also found the a-Si:H contacts to be sensitive to
annealing treatments above 200°C. This significantly limits the processing space for the metalliza-
tion step, which typically occurs at temperatures much higher than 200°C. One main focus of this
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dissertation work will be to introduce new materials to replace the a-Si:H contact materials that
have the flexibility to be used in a variety of passivated carrier-selective contact solar cells designs.
Figure 1.4b shows a SHJ design that uses all oxide materials to form the heterojunction contacts.
The surface defects of the n-type c-Si substrate are passivated using SiOx/Al2O3 layers, which are
thin enough to allow carriers to tunnel through them. The sub-stoichiometric molybdenum oxide
MoOx and TiOx function as p-n and n-N carrier-selective contact’s. AZO is used as a transparent
contact to minimize surface reflectance and laterally transport carriers to the metal electrodes.
1.4 ALD Oxides for Passivated and Carrier Selective Contacts
The oxide-based device design shown in Figure 1.4b is one of many that have the potential to
significantly improve the performance of advanced c-Si solar cells. In addition to the many optical
and electronic benefits that oxide materials may bring to advanced solar cell architectures, this class
of materials is able to be deposited using atomic layer deposition (ALD), an advanced chemical
vapor deposition (CVD) technique quickly being adopted across several research and industrial
communities. In the PV research community, oxides are commonly deposited using different
physical vapor deposition (PVD) techniques such as thermal evaporation and sputtering [32, 33].
ALD offers greater thickness control and uniformity than PVD, however, due to its reaction-limited
growth process, making it ideal for applications requiring ultra-thin, conformal oxides on textured
silicon surfaces [34, 35, 36, 37].
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The growth rate of ALD is typically on the order of angstroms per second. While this is accept-
able for most research settings, it simply cannot compete with the industrial throughput rates of
other high-volume deposition techniques already used in the PV industry. This limits it’s industrial
adaptation to only a few select manufacturing sectors. It has been shown, however, that spatially-
separated ALD reactors are capable of depositing materials at industrial throughput rates while
maintaining excellent control over thin film thickness and uniformity [38]. This breakthrough
technology has already been used to deposit high-quality Al2O3 at deposition speeds of at least 1.2
nm s–1 for PERC solar cell passivation [39] and industrial manufacturing lines have been success-
fully upgraded with spatial ALD equipment to manufacture next-generation solar cells [40].
The application of ALD and sALD oxides will be the central topic of discussion in this dissertation,
along with the performance enhancements that these oxide materials will bring to SHJ solar cell
technologies. In the coming chapters, the physics of passivating, carrier-selective contact’s will be
detailed along with the desired characteristics of advanced solar cell architectures. The functional-
ity of several ALD oxides, as they pertain to solar cell passivation, carrier selectivity, and current
transport will be demonstrated. Then, to qualify the materials developed in this work, novel solar
cells featuring an all ALD oxide hole-selective contact will be presented. Finally, a pathway to
high efficiency solar cell devices using these materials will be simulated using one-diode equiva-
lent circuit models.
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CHAPTER 2: PHYSICS OF SOLAR CELLS
2.1 Efficiency Limits of Photovoltaic Devices
The conversion efficiency of a solar cell is ultimately the most relevant parameter to the device’s
performance. To understand how how passivated carrier-selective contact layers affect the per-
formance of solar cells, one must first understand how the conversion efficiency is calculated and
what factors affect its final value. In 1961 William Shockley and Hans J. Queisser first calculated
the ultimate efficiency (u) of a solar cell as a function of the absorber material’s bandgap energy





where hνg is the energy of a photon with an energy greater than or equal to Eg, Qs is the number
of incident photons on the device with an energy greater than or equal to Eg per unit time per unit
area, and Ps is the total incident energy per unit time per unit area [41]. This relation assumes that
each incident photon with an energy greater than or equal to hνg produces one electronic charge
q in the device at a voltage Vg = hνg/q. Figure 2.1 plots u as a function of Eg and highlights the
limits of several relevant photovoltaic absorber materials. The Eg of silicon happens to lie near
the maximum value of u, with an ultimate efficiency of 43.8%, making silicon an ideal absorber
material for photovoltaic applications.
Currently, the record efficiency of a single-junction silicon solar cell is 26.7% and typical industrial
efficiencies for silicon devices range from 16.5-22.5% [42, 27]. The ultimate efficiency predicted
by Shockley and Queisser does not account for radiative recombination limitations, which are
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Figure 2.1: The ultimate efficiency u and Shockley-Queisser limiting efficiency as a function of
the bandgap energy Eg. Relevant solar cell absorber materials CdS, Ge, GaAs, and Si are plotted
at their respective Eg values. Si has a Eg value that coincides with the maximum efficiency values
for each plot, making it an ideal absorber for photovoltaic applications.
inherent to all devices, to some extent. Figure 2.1 plots a radiative recombination limited efficiency,
otherwise known as the Shockley-Queisser limit, which places the highest efficiency of silicon at
33.4% [41]. More recent studies, which account for a the intrinsic carrier recombination rates and
concentrations, calculate the limiting efficiency to be 29.4% [43]. These calculations indicate that
current solar cell device’s are approaching their maximum efficiency limit. Still, the next advanced
industrial solar will need to combine high conversion efficiencies with an economically feasible
fabrication process. ALD oxide materials present several opportunities for accomplishing this task.
2.2 Desired Characteristics of passivating, carrier-Selective Contacts
Passivating, carrier-selective contacts present an opportunity for advanced solar cells to more
closely approach the upper limit of their efficiency while also simplifying the processing require-
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ments for manufacturers. There are several desirable qualities that these contacts must have in
order to surpass the performance of current state-of-the-art solar cell devices: increased optical
transparency, efficient carrier selectivity, effective surface passivation, and thermal stability. The
following section will detail how these qualities pertain to the device physics of a passivating,
carrier-selective contact solar cell.
2.2.1 Optical Transparency
The Shockley-Queisser limit for solar cells assumes that each photon with an energy greater than
the c-Si bandgap energy Eg is absorbed in the device and produces a charged particle. This model
implicitly assumes that the front contact of a solar cell is transparent, allowing all incident photons
to reach the absorber. In reality, many incident photons are lost due to reflection or absorption
at the front surface of the solar cell and are not absorbed in the bulk of the c-Si. The reflection
and absorption of several relevant solar cell materials were simulated using OPAL 2 ray-tracing
software, which calculates the optical losses near the front surfaces of the solar cell using data from
a refractive index library [44]. Figure 2.2a plots the reflection of several solar cell materials as a
function of wavelength. The reflection of a planar c-Si substrate is high for all wavelengths of the
AM 1.G spectrum, which is superimposed on this plot. It has been shown that the reflection of an
incident light ray can be reduced by texturing the surface of the absorber, which reduces the angle
of incidence of the incoming light [45]. Additionally, texturing the surface increases the mean
path length L of a light ray from 2L to 4n2L, where n is the refractive index of the medium [45].
Since Si is an indirect bandgap semiconductor, light with energy near the band edge (≥ 900 nm) is
inefficiently absorbed. By increasing the path length in the solar cell absorber, this portion of the
solar spectrum will have a greater chance of being absorbed. This texturing process has been used
in most industrial solar cells since its inception. The texturing is often created by etching the c-Si
substrate in either a potassium hydroxide (KOH) or a sodium hydroxide (NaOH) solution [46].
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Figure 2.2: a) The reflection of several solar cell materials as a function of wavelength. Randomly
textured pyramids with a characteristic angle of 54° can be etched into the surface of planar c-Si to
significantly reduce surface reflection. Silicon nitride (SiNx) [4], Indium tin oxide (ITO) [5], and
Aluminum-doped zinc oxide (AZO) [6] act as single layer anti-reflection coatings (ARC’s) to c-Si
when deposited at thicknesses near 75 nm. b) The absorption of SiNx, ITO, and AZO ARC’s as a
function of wavelength. These three films only absorb a small portion of the AM 1.5G spectrum at
short wavelengths. The AM 1.5G spectrum is superimposed on each plot for reference.
This process will etch the (100) and (110) planes of c-Si faster than the (111) plane, which results
in the formation of random upright pyramids with a characteristic angle of 54.4° on the surface
of the substrate. The optical path length of a ray is increased by these pyramids as the beam is
scattered at a greater angle within the substrate upon transmission through the front surface.
Another technique used to reduce the reflection of incident light on the c-Si surface is to apply an
anti-reflection coating (ARC). Two common materials for ARC’s are also plotted in Figure 2.2a,
Indium tin oxide (ITO) and Aluminum-doped zinc oxide (AZO). These materials have intermediate
refractive indices that provide destructive interference for incident light waves. Typically an ARC
thickness near 75 nm will maximize the destructive interference. As can be seen in Figure 2.2a,
the reflectance is significantly reduced when an ARC is applied to a textured c-Si surface.
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The weighted front surface reflectance RW for a front contact can be calculated by integrating the








In addition to reflectance, another optical loss that occurs on the front surface of passivating,
carrier-selective contact solar cells is parasitic absorption in each of the contact layers. Para-
sitic absorption refers to the absorption of light that does not lead to the generation of electronic
charge in the c-Si absorber [47]. Figure 2.2b plots the absorption of light at each wavelength in
the AM1.5G spectrum for carrier-selective, passivation, and ARC contact layers. Notice that the
choice of material for all three layers can significantly affect the absorption at the short-wavelength
portion of the spectrum. By selecting wide bandgap oxide materials for each contact layer, signif-
icant optical absorption can be avoided. For example, the absorption of 5 nm of a-Si:H (p) contact
is much higher than that of a 5 nm MoOx contact, an alternative hole-selective layer with a Eg of
∼ 3 eV.
The total weighted absorption AW of a front contact in a passivating, carrier-selective contact solar
cell can be calculated by integrating the absorption A(λ) and photon flux Nph(λ) from the AM 1.5








Together, with the weighted reflection and absorption, the generation current JG of a passivated
carrier-selective contact solar cell can be calculated. This value represents the upper limit of current
density that can be generated in a device given the front and rear surface reflection, absorption, as
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[1− AW (λ)−RW (λ)]Nph(λ)e−α(λ)∗Z∗Wdλ (2.4)
where α is the absorption coefficient of the absorber material, Z is the optical pathlength enhance-
ment of the cell, and W is the thickness of the absorber. This equation assumes normal incidence.
The maximum possible value of JG for a textured c-Si solar cell is 44.0 mA/cm2, using the Z value
described in [48]. The Shockley-Queisser formalism assumes that, once all incident photons with
an energy ≥ Eg are absorbed in the solar cell, an electron-hole pair is created with a voltage of
V = Eg/q, which eventually contributes to the final current of the device. If this were true, then
the current density of the device under short circuit conditions Jsc would be equal to the value of
JG. Of course, this is never true in reality, as opportunities for current and voltage losses occur at
several points within the device. These losses will be described in detail in the following sections.
2.2.2 Efficient Carrier Selectivity
Once electron-hole pairs are generated within the c-Si absorber, they must be transported to the
contacts for collection. The driving force of the charged particles is the gradient in their quasi-
Fermi energies EFC and EFV , which describe the occupation of states in the conduction and va-
lence bands once under illumination, respectively [49]. The electron and hole currents (je and jh)











where σe,h are the electron and hole electrical conductivities in Si, e is the elementary charge,
and grad(EFc,FV ) are the gradients of the conduction and valence band quasi-Fermi energies,
respectively.
Figure 2.3a shows a schematic diagram of a passivating, carrier selective contact solar cell that
utilizes these principles to create efficient carrier selectivity. Based on equations 2.5 and 2.6, the
conductivity of electrons and holes is a critical factor in determining the magnitude of electron and
hole currents at each contact. The electron-selective contact, for example, has a high electron con-
ductivity σe and low hole conductivity σh. This is coupled with a large gradient in the quasi-Fermi
energy level of the valence band, which creates a large hole current away from the contact. The op-
posite is true for the hole-selective contact. The asymmetry in carrier conductivities, coupled with
the gradient in the quasi-Fermi energies at each contact, creates the ’carrier-selectivity’ necessary
for an efficient carrier-selective contact.
In SHJ solar cells, which use a-Si:H to form the carrier-selective contacts, the asymmetry in carrier
conduction is achieved by heavily doping the contacts with opposite polarity. The heavily doped a-
Si:H layers increase the conductivity of the ’selected’ carriers while also creating a high resistance
for the ’blocked’ carrier. In order for ALD oxide materials to function as efficient carrier-selective
contacts, an alternative method is used to achieve asymmetrical carrier current densities. These
wide bandgap materials typically have low carrier conductivities, which can limit the current den-
sity through the contact. Many oxides have large offsets with the c-Si Fermi energy, however.
This can be used to compensate for the lack of carrier conductivity in the film by creating a large
gradient in the quasi-Fermi energy of the carriers. One class of oxides that shows great potential
for this is transition metal oxide (TMO) materials, which have work functions ranging from 3 eV
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Figure 2.3: a) A schematic diagram of a passivated carrier selective contact solar cell. Absorbed
photons generate a non-equilibrium concentration of electron hole pairs in the c-Si, which relax to
their quasi-Fermi level energies. The difference in the quasi-Fermi energies EFC and EFV gives
the implied open-circuit voltage iVoc and the gradient of these energy levels is the driving force for
charge carrier currents je and jh. The passivation layers at each surface of the absorber deactivate
electronic surface defects, with energy levels within the c-Si bandgap. b) An energy-band diagram
showing an example of a MoOx-based hole-selective contact, which has a significant band offset
with the c-Si. Despite a low hole conductivity σh in the MoOx layer, this large band offset causes
the c-Si bands to bend upwards. This creates a large gradient in the quasi-Fermi energies, resulting
in asymmetrical conduction of carriers towards the contact.
(ZrO2) to 7 eV (V2O5), making them suitable candidates for energy-level alignment in a variety of
devices [50]. Figure 2.3b shows the high work function TMO MoOx, deposited on the surface of
an n-type c-Si absorber. The large difference between the Fermi positions causes the c-Si bands to
bend upwards, generating a large hole current jh towards the contact.
The ultimate goal of a carrier selective contact is to maximize the flux of the selected carrier
through the contact and minimize the flux of the ’blocked’ carrier. Two important parameters for
measuring carrier selectivity are: contact resistivity ρc, which measures the resistance of selected
carriers through the contact, and the contact recombination parameter J0, which measures the flux
of the blocked carriers towards the contact. The majority carrier current density JM can be written
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as:
JM = V/ρc (2.7)
where V is the voltage of the solar cell [51]. This expression assumes a linear relationship between
current and voltage for majority carriers. Therefore the majority carrier resistivity ρM is simply
the contact resistivity ρc. The minority carrier recombination current Jm can be calculated using
the expression:
Jm = Jo,c(e
V/Vth − 1) (2.8)
where Vth is the thermal voltage at 298 K. The minority carrier current density is voltage-dependent,
however. The inverse slope of equation 2.8 can, therefore, be used as an approximation of the mi-
nority carrier resistivity [51]:
ρm = (dJm/dV )V=0 = Vth/J0,c. (2.9)








This expression, typically referred to as simply, the selectivity, is a useful figure of merit for carrier
selectivity. In any passivating, carrier-selective contact solar cell, the contact with a smaller S
value will limit the final efficiency of the device.
18
2.2.3 Effective Surface Passivation
The Shockley-Queisser formalism assumes that the only source of carrier recombination in the so-
lar device is radiative recombination, but this is never the case in real devices. Several defects exist
at the surface of the c-Si substrate, creating a high density of recombination sights for carriers.
In addition to being optically transparent and providing efficient carrier selectivity, passivating,
carrier-selective contact’s must also minimize recombination losses at the surface of the c-Si ab-
sorber.
As generated carriers are transported to the contact interfaces, they are especially vulnerable to
Shockley-Read-Hall surface recombination, which occurs due to the presence of surface defect
energies within the c-Si bandgap, as shown in Figure 2.3a. The difference between the quasi-
Fermi levels of the conduction and valence bands is known as the implied open-circuit voltage
iVoc and represents the upper-limit of the device’s open-circuit voltage Voc. If minority carriers
undergo Shockley-Read-Hall recombination at the contact interface, the iVoc is reduced, as the
recombination causes the excess carrier concentrations to be reduced.
To reduce minority carrier surface recombination, ALD oxide layers can be used to passivate the
defect sites of the c-Si surface. These layers were originally described as ’minority carrier mirrors,’
which would allow solar cells to approach the radiative-limit first to describe in Shockley-Queisser
formalism [52]. The most common oxide material used in c-Si solar cells for surface passivation
is aluminum oxide Al2O3. As previously mentioned, sALD Al2O3 is already being used in high
volume PERC production for rear contact passivation [39]. It has been shown that the existence of
hydrogenic species in Al2O3 deposition precursors can chemically deactivate surface defects in the
c-Si after short activation anneals, near 400°C [53].
The carrier recombination lifetime τ can be used to assess the quality of ALD oxide surface passi-
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where ∆n is the excess concentration of electrons (∆n = n − n0) or holes (∆p = p − p0) under
illumination, and U is the net recombination rate (U = G−R) [54]. Here, n and p are the electron
and hole concentrations under illumination and n0 and p0 are the equilibrium concentration of
electrons and holes in the dark [54].
The three main recombination mechanisms in c-Si are radiative recombination, Shockley-Read-
Hall recombination, and Auger recombination. Radiative recombination occurs when generated
electron-hole pairs recombine and emit a photon with an energy equal to the material’s bandgap
energy [55]. Auger recombination refers to a three particle process where the energy from the
recombination of an electron-hole pair is transferred to a third charged particle [54]. Shockley-
Read-Hall recombination can occur at the surface of the material, as discussed, or in the material’s
bulk, due to defect levels provided by impurities and dopant species. The effective carrier recom-
bination lifetime τeff , which is a measure of the time it takes for a generated electron-hole pair to
recombine, relates all three of these recombination mechanisms as:
1/τeff = (1/τr + 1/τA + 1/τb,SRH) + 1/τs,SRH (2.12)
where τr and τA are the radiative- and Auger-recombination lifetimes, τb,SRH and τs,SRH are the
bulk and surface Shockley-Read-Hall recombination lifetimes, respectively. Figure 2.4 plots the
carrier lifetime for all three recombination mechanisms, as well as the resultant effective carrier
lifetime τeff , for a highly-doped n-type c-Si wafer. Radiative recombination in c-Si is a very slow
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Figure 2.4: A plot of Radiative, Auger, and Shockley-Read-Hall recombination lifetimes in a 1
Ω-cm n-type c-Si wafer. The effective carrier lifetime τeff is also plotted, which is the inverse sum
of all three lifetimes. The Shockley-Read-Hall recombination lifetime was calculated as a function
of excess carrier concentration for a ’deep-level’ defect with a trap energy at the c-Si mid-gap.
process, due to the indirect bandgap, making this the highest lifetime at all injection levels [55].
The Auger recombination is relatively low in c-Si due to the indirect bandgap and is a function
of the c-Si dopant concentration and excess carrier concentration [56]. The Shockley-Read-Hall
recombination in the bulk of c-Si has a relatively low value, and is dependent on the quality of the
c-Si chosen for the solar cell device. In this example, a defect with a trap energy at the c-Si mid-
gap was used to calculate the Shockley-Read-Hall recombination lifetime [57]. This is considered
a ’deep-level’ defect and significantly limits the value of τeff at low injection levels.
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The radiative, Auger, and bulk Shockley-Read-Hall recombination mechanisms can be lumped as
bulk mechanisms, and equation 2.12 can be written as the sum of bulk and surface recombination
mechanisms:
1/τeff = 1/τb + 1/τs,SRH (2.13)
This makes τeff a useful parameter for assessing the quality of surface passivation in a passivating,
carrier-selective contact solar cell. As the surface passivation of a c-Si absorber improves, with a
fixed dopant concentration and defect density, the value of τeff will increase.
2.2.4 Low-Resistance Lateral Transport
Another desirable characteristic of passivating, carrier-selective contact solar cells is their ability
to laterally transport collected carriers towards the metallic electrodes. This is especially true for
the front photon-incident surface of the solar cell, where the metal electrode is deposited in a grid
pattern in order to minimize shading in the bulk of the device. Since most passivating and carrier
selective contact layers are often only several nanometers thin, the sheet resistance of these layers
is too large for efficient lateral transport to occur. A much thicker layer is most often deposited on
top of the carrier-selective contact to act as a highly conductive pathway towards the metallic grid.
Wide bandgap oxides with high carrier mobilities, referred to as ’transparent conducting oxides’,
are most commonly used for this in solar cells [58, 59, 60, 61].
These oxides are degenerately doped so that their Fermi position sits within the material’s con-
duction band. Degenerate doping in these materials is created from the formation of point defects
with an ionization energy close to the conduction band energy, most commonly oxygen vacancies
[62]. In addition to oxygen vacancy formation, further doping is often required by the addition
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of substitutional species such as Al, Sn, and Sb [62]. By introducing ionized impurities into the
material, such as oxygen vacancies and dopant species, the free carrier concentration will increase
as more electrons are donated to the conduction band. Careful consideration must be given to the
concentration of dopant species in the film, however. As the level of ionized impurities becomes
large, the carrier mobility will significantly decrease due to ionized impurity scattering. The free
carrier concentration and mobility must be optimized during the degenerate doping processing step
to optimize the performance of the transparent conducting oxide.
This layer must transmit the full spectrum of light into the solar cell absorber, from infrared wave-
lengths, to the high energy ultraviolet wavelength portion of the spectrum. The plasma resonance
frequency of the free carriers will determine the limit of the infrared portion of the spectrum that
is able to transmit through the thin film. While the fundamental bandgap energy of the film de-
termines its ultraviolet cutoff frequency. Increasing the density of free carriers in the film shifts
the infrared absorption edge towards the visible portion of the spectrum by shielding the incoming
light, causing it to undergo intraband transitions in the conduction band of the TCO. The ultra-
violet cutoff frequency will also shift towards the visible with the increase of free carrier density
according to the relation ∆E ∝ n3/2 [62].
One of the biggest factors in determining the correct oxide material for lateral transport applica-
tions is it’s optical, electronic, and processing compatibility with the underlying contact layers.
Significant advancements in transparent conducting oxide compatibility with carrier-selective con-
tact layers has come with the introduction of ALD. Due to the monolayer growth approach of ALD,
dopant species can be introduced into the material with high precision and reproducibility. ALD
also offers a much ’softer’ deposition technique compared to more common CVD approaches.
Later on in this work a transparent and low-resistance lateral transport oxide layer will be demon-
strated using ALD.
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CHAPTER 3: EFFECTIVE SURFACE PASSIVATION USING ALD
HYDROGENATED ALUMINUM OXIDE
Portions of this chapter were published in:
Gregory, G., Feit, C., Gao, Z., Banerjee, P., Jurca, T. and Davis, K.O. (2020), Phys. Status Solidi
A, 217: 2000093. [63]
3.1 Introduction
The intrinsic a-Si:H layers used in silicon heterojunction (SHJ) solar cells provide high levels of
surface passivation due to the excess hydrogen in the film, which chemically deactivate defects at
the c-Si surface [64]. Despite the fact that these films are only 3-10 nm thick, they significantly
contribute to the parasitic optical absorption in SHJ solar cell devices [65]. Replacing the intrinsic
a-Si:H passivation with a wide bandgap material can significantly reduce this parasitic absorption,
maximizing the available JG for the device. This can improve the short circuit current density (Jsc)
of the solar cell. In addition to providing more optical transparency, the replacement material for
the intrinsic a-Si:H layer must also provide effective surface passivation.
Aluminum oxide (Al2O3) has been well studied as an excellent passivation material in other high
efficiency solar cells using a range of different deposition methods, including atomic layer depo-
sition (ALD) [66, 67], plasma-enhanced chemical vapor deposition (PECVD) [68, 69], and atmo-
spheric pressure chemical vapor deposition (APCVD) [70, 71]. As with most surface passivation
materials, including a-Si:H(i), the delivery of hydrogen to dangling bonds at the crystalline sili-
con (c-Si) surface plays an important role in the effectiveness of Al2O3 passivation. Hydrogen is
known to be present in Al2O3 films grown by ALD and CVD, albeit at relatively low concentra-
24
tions [53]. Typically, thicknesses of at least 30 nm are required in order to sufficiently passivate
the c-Si surface [72]. This thickness prevents charge conduction through the insulating passivation
layer, most often requiring the formation of a localized contact for charge transport, such as with
passivated emitter and rear (PERC) solar cells [72, 73, 74]. To form a conductive, passivating
Al2O3 interlayer, the film must be thinner than 2 nm, since the primary transport mechanism will
be quantum mechanical tunneling. In reality, it should be even thinner, since a ∼1.5 nm silicon
oxide SiOx layer naturally forms at the Si surface when oxide films are deposited by ALD and
CVD, even after performing a HF dip on the wafers before deposition [75, 76, 77, 78]. Providing
sufficient chemical passivation with less than 2 nm of Al2O3 presents a significant challenge, given
the finite amount of hydrogen present per unit of Al2O3 thickness. If higher concentrations of hy-
drogen could be intentionally incorporated into these films, this would allow Al2O3 to be used as a
replacement to the a-Si:H(i) layers in SHJ solar cells, which could result in a significant increase
in the Jsc.
ALD is an excellent technique for applying Al2O3 films at few-nm thicknesses with excellent con-
formality in high-throughput manufacturing environments [79]. The same is true for transition
metal oxide materials being explored for SHJ applications, such as MoOx, with depositions demon-
strated at temperatures as low as 50°C to obtain an amorphous microstructure, high transparency
in the visible region, and good passivation when coupled with a-Si:H (i) [80, 81].
To quantify their potential enhancement to passivating, carrier-selective contact solar cells, the
external quantum efficiency (EQE) and JG of three hole-selective front heterojunction structures
were calculated using simulations in SunSolve [82], including: (1) a standard SHJ structure with a
4 nm intrinsic a-Si:H passivation layer [65], a 6 nm p-type a-Si:H hole-selective layer [65], and a
70 nm indium tin oxide (ITO) [83] on random upright pyramids; (2) the same structure, but with
a 4 nm MoOx [80] replacing a-Si:H(p); and a structure where both the a-Si:H(p) film is replaced
with MoOx and the a-Si:H(i) film is replaced with Al2O3 [84]. Figure 3.1a shows the impact of
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Figure 3.1: a) Simulated external quantum efficiency (EQE) curves for each structure, along with
the EQE loss coming from parasitic optical absorption. c) Calculated JG for these structures,
along with the current loss due to front reflectance (JR−f ), front parasitic absorption (Jloss−f ), rear
parasitic absorption (Jloss−r), and escape (JR−esc). The optical simulations were calculated using
SunSolve.
parasitic optical absorption occurring in the a-Si:H films on the short wavelength EQE response.
For the ITO/MoOx/Al2O3 structure, virtually all of the parasitic absorption is in the ITO. The
losses due to front reflectance (JR−f ), front parasitic absorption (Jloss−f ), rear parasitic absorption
(Jloss−r), and escape reflectance (JR−esc) were also calculated for these three heterojunction struc-
tures. Figure 3.1b shows a waterfall diagram with the potential JG along with the various losses.
As expected, the ITO/MoOx/Al2O3 structure has the best optical performance with a JG of 40.8
mA/cm2, followed by ITO/MoOx/a-Si:H(i) with 40.1 mA/cm
2 and then ITO/a-Si:H(p)/a-Si:H(i)
with 39.4 mA/cm2. The differences in JG are completely driven by differences in Jloss−f arising
from the parasitic absorption in the a-Si:H films, highlighting the improved optical performance of
wide bandgap oxides like MoOx and Al2O3.
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This chapter presents the application of 1 nm Al2O3 and 4 nm MoOx thin films deposited with ther-
mal ALD to achieve effective surface passivation for passivating, carrier-selective contact cells.
A novel method for incorporating hydrogen into the Al2O3 films during the ALD processing se-
quence is also described. A comparison of the effective carrier lifetime (τeff ) is given of samples
symmetrically passivated with a standard Al2O3 and the hydrogenated Al2O3 layer. The symmetri-
cally deposited MoOx improves the τeff of both sample sets when deposited onto n-type c-Si. By
intentionally incorporating hydrogen into the ALD Al2O3 process, significant improvements on the
surface passivation are achieved.
3.2 Experimental Details
Depositing the Al2O3 and MoOx layers on the c-Si surface was done in the following manner. First,
lowly-doped (100 Ω-cm), (100) n-type float-zone c-Si wafers (300 µm thick) were stripped of their
native oxide with a 2 M hydroflouric (HF) acid solution. Next, a thin SiOx layer (∼1 nm) was grown
in a UV-Ozone cleaner using techniques described in previous literature [85, 86]. The Al2O3 and
MoOx layers were then deposited in a thermal ALD reactor (CtechNano, Play Series), at a substrate
temperature of 160 °C. First, 11 cycles of ALD Al2O3, totaling 1 nm were deposited using alternate
pulses of trimethylaluminum (Al(CH3)3, TMA) and ozone O3. Both pulses measured 500 ms. To
incorporate a high percentage of H2 in this film (i.e., hydrogenated Al2O3), a forming gas pulse
(5% H2, 95% N2) was added after the O3 using a metering valve. During the forming gas pulse
the pressure gauge peaked to ∼ 500 mTorr for 500 ms within the chamber. Finally, the MoOx
deposition was performed using alternate pulses of Mo(CO)6 for 4.5 s followed by an O3 pulse
for 2.5 s according to methods described in prevous literature [87]. The target thicknesses for
the Al2O3 and MoOx films was 1 nm and 4 nm, respectively, and confirmed via spectroscopic
ellipsometry (M2000, JA Woollam®).
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The work function (φ) of the ALD MoOx was measured with ultraviolet photoelectron spec-
troscopy (UPS) after exposure to air. The spectrum was obtained using an He I (21.22 eV) ex-
citation as the light source with the samples biased at -30.0 V to observe the low-energy secondary
cutoff. The value of φ was determined by extrapolating the linear part of the secondary cutoff to
zero intensity and subtracting this energy from the He I ionization source.
The effective carrier lifetime (τeff ) versus injection level (∆n) of each sample was measured just
after the Al2O3 deposition using a Sinton WCT-120. The measurements were performed in either
the Generalized (1/64) or Transient modes, depending on the range of τeff being measured. The
samples were then annealed in a muffle furnace at 450 °C at times ranging from 1-17 minutes. The
samples were pulled directly from the furnace in time increments of 2 minutes. Saturation current
density (J0), implied open-circuit voltage iVoc, and Seff of the samples were extracted from the
τeff (∆n) data.
The ρc of the Al2O3/MoOx contacts were measured on 1 Ω-cm p-type c-Si wafers, with the contact
stack deposited on one side, using the extended TLM (ETLM). The ETLM corrects for the two-
dimensional pathway that the current travels through during the measurement due to the lack of
an emitter in the heterojunction contact [88]. The lack of a TCO in the stack and the incredibly
low thickness of the Al2O3/MoOx films ensure lateral transport between TLM pads occurs through
the wafer. This means current injection/extraction occurs through the wafer, ensuring an accurate
measure of ρc.
3.3 Results and Discussion
Figure 3.2a shows the secondary electron cutoff of the UPS spectrum. A work function of 6.21 eV,
well above the ionization energy of c-Si Ei,c−Si, was observed. Fig. 3.2b shows the band-bending
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Figure 3.2: a) The secondary electron cutoff of UPS spectra collected on 4 nm of ALD MoOx,
showing a high work function value of 6.21 eV, well above the ionization energy of c-Si Ei,c−Si.
b) A wxAMPS simulation of the band-bending at the surface of 1 Ω-cm n-type c-Si with the hole-
selective contact stack as a function of the MoOx work function. ? = band-bending resulting from
a work function of 6.21 eV. c) A wxAMPS simulation of the band diagram of the hole-selective
contact with a high work function MoOx layer and passivating Al2O3 layer. d) A schematic diagram
of the hole-selective contact structure with thin SiOx and Al2O3 passivating interlayers and 4 nm
of MoOx on n-type c-Si with a Ag electrode.
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at the surface of a low resistance (1 Ω-cm) n-type c-Si substrate with the hole-selective contact
stack as a function of the MoOx work function, simulated with wxAMPS [89]. With a high work
function of 6.21 eV, significant upward band-bending occurs in the c-Si due to the band mismatch
between the c-Si and MoOx. This will allow for band-to-band tunneling of carriers through the
contact and repel majority carrier electrons from the contact interface, as shown in Fig. 3.2c. By
successfully depositing the MoOx with a high work function the J0 and hole-selectivity losses of
the contact are minimized [90]. Fig. 3.2d shows a schematic diagram of the contact structure with
thin SiOx and Al2O3 passivating interlayers and 4 nm of MoOx on n-type c-Si with a Ag electrode.
Fig. 3.3 shows the τeff at an injection level (∆n) of 1015 cm–3 as a function of the annealing
time for both the standard and hydrogenated Al2O3 passivated samples. The samples passivated
with a standard Al2O3 film achieved a maximum τeff of ∼400 µs, while those passivated with
the hydrogenated Al2O3 achieved a maximum τeff of ∼650 µs. Fig. 3.3 also shows the τeff
for each sample after depositing 4 nm of MoOx. The sample passivated with a standard Al2O3
achieved a maximum τeff of 856 µs after the MoOx deposition and the samples passivated with the
hydrogenated Al2O3 achieved a maximum τeff as high as 1.14 ms. The shape of the curves in Fig.
3 indicates that the timing of the anneal at 450 °C is critical in achieving a maximum τeff value.
At an optimal time of 9 minutes, the τeff reaches a maxima. Continued annealing causes the τeff
to decrease. The optimal time appears to be similar for both the standard Al2O3 process, which
has hydrogenic species from left over methyl groups, and from the hydrogenated Al2O3 process,
which has excess hydrogen from the intermediate pulses of forming gas during ALD. However the
degree of passivation, and hence the magnitude of the τeff is far higher for the hydrogenated Al2O3
process.
The increase in τeff from the samples passivated with hydrogenated Al2O3 compared to the stan-
dard Al2O3 likely comes from the excess hydrogen incorporated during the ALD forming gas pulse.
However, such hydrogen needs to be activated and delivered to the c-Si/SiOx interface [91]. The
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Figure 3.3: Comparison of the effective carrier lifetime (τeff ) for both the a) standard and b)
hydrogenated Al2O3 films as a function of annealing time in air at 450 °C. Both Al2O3 films were
deposited on lowly-doped (100 Ω-cm) n-type c-Si and τeff was measured at an injection level of
1015 cm–3.
shape of the curves in Fig. 3.3 indicates that hydrogen may be diffusing towards the c-Si interface
during the 450 °C anneal. While the fixed charge found in Al2O3 likely does contribute to the c-Si
passivation [92], the increase in τeff with annealing time up to 9 minutes suggests that hydrogen
is functioning as a passivating species in these films. Furthermore, the increase in τeff after MoOx
deposition suggests, in both cases, that the band-bending provided by this layer is repelling major-
ity carriers from the c-Si surface. This would lower the Shockley-Read-Hall recombination at the
c-Si interface with the overlying layers and improve the implied open-circuit voltage (iVoc) of the
solar cell.
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It is well known that transition metal oxides, like MoOx, passivate the surface of c-Si through the
formation of a sub-stoichiometric SiOx layer during deposition. This oxide is formed during the
partial oxidation of the c-Si surface by deposition of the first few monolayers of the transition metal
oxide, leaving the contact material slightly reduced [93]. Direct passivation of c-Si using MoOx
has led to iVoc’s of 637 mV [93] and Voc’s of 580 mV [94]. The introduction of a buffer layer, such
as intrinsic a-Si:H, Al2O3, an Al2O3/SiNx stack [95, 96, 97], or as in this paper, a SiOx/Al2O3 stack,
will act to passivate the oxygen-vacancy defects within the bandgap of the MoOx [98] and offer
increased passivation compared to the direct deposition of MoOx. This will lower the interfacial
recombination at the c-Si surface and improve the passivation quality of the contact.
Figure 3.4: Comparison of: a) The effective carrier lifetime τeff as a function of injection level
∆n, and b) the Auger-corrected inverse effective lifetime 1/τcorr as a function of ∆n showing the
saturation current density J0 for the Al2O3/MoOx contact on low and high resistance (1 and 100
Ω-cm) n-type FZ wafers. The implied open-circuit voltage iVoc is also displayed for both wafers
in a) to show the effect of wafer dopant concentration on iVoc.
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Next, the solar cell device parameters of the 100 Ω-cm n-type c-Si wafers passivated with the
Al2O3/MoOx contact are compared to those of 1 Ω-cm n-type c-Si wafers in order to qualify the
contact for solar cell implementation. Fig. 3.4a shows the τeff as a function of excess carrier
density for both the 100 and 1 Ω-cm wafers. The τeff is lower for the 1 Ω-cm wafer with a value
of 223 µs. This is due to an increase in Auger and radiative recombination accompanied by the
increased dopant level [99]. The iVoc of the 1 Ω-cm wafer is much higher than that of the 100 Ω-
cm wafer, however, with a value of 685 mV. This can be explained by the logarithmic relationship
between doping concentration and iVoc [100]. Fig. 3.4b compares the saturation current density J0
of the contact on both the 1 and 100 Ω-cm wafers. The J0 for both samples was found to be near
150 fA/cm2.
Finally, the thermal stability of the relevant solar cell performance parameters are assessed for
the Al2O3/MoOx contact. The MoOx work function tends to lower at elevated temperatures due
to the introduction of oxygen vacancy defects with energy levels near the conduction band [101].
Other studies have shown that this can lead to a degradation of the contact due to lowered band-
Table 3.1: The effective surface recombination velocity Seff , effective carrier lifetime τeff at an
injection level of 1015 cm−3, implied open-circuit voltage iVoc, and saturation current density J0
recorded for the symmetrically passivated Al2O3/MoOx contact on 1 Ω-cm n-type c-Si, and contact
resistivity ρc, which was measured on 1 Ω-cm p-type c-Si. Each performance parameter is reported
at different annealing conditions.
Annealing Temperature As-Deposited 100 °C 200 °C
Seff (cm/s) 45 45 65
τeff (µs) 223 223 153
iVoc (mV) 685 684 674
J0 (fA/cm2) 146 187 254
ρc (mΩ-cm2) 25.4 25.1 25.5
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bending, which would negatively impact the hole-selectivity of the contact [102]. The effective
surface recombination velocity Seff , effective carrier lifetime τeff , iVoc, J0, and contact resistivity
ρc are measured as a function of annealing temperature in air. Table 3.1 shows the value of each
of these parameters at each annealing condition. Each of the performance parameters remain very
stable up to 200°C, with a slight degradation in passivation at 200°C. This degradation is likely
due to the introduction of O vacancies within the MoOx bandgap, which lower the band-bending
in at the c-Si surface. The lowered band-bending would attract more majority carriers to the c-Si
surface, increasing minority carrier surface recombination. Even with a slight degradation, the Seff
remains well below 100 cm/s and the iVoc value remains relatively high at 674 mV after the final
anneal at 200°C. The ρc of the contact remains constant throughout each annealing step at a value
of 25 mΩ-cm2. These results suggest that minimal degradation of the MoOx occurs during the
contact annealing step, making the hole-selective contact compatible with low-temperature solar
cell fabrication processes.
3.4 Summary
In summary, ALD molybdenum oxide (MoOx) has been successfully deposited with a work func-
tion of 6.21 eV. Simulations indicate that the MoOx creates significant band-bending at the surface
of highly-doped n-type c-Si when the work function is this high, leading to efficient hole selec-
tivity in the contact. Together with the use of a hydrogenated Al2O3 as a thin (1 nm) passivation
interlayer in the hole-selective contact an effective carrier lifetime τeff of 1.14 ms is reported. Im-
plied open-circuit voltages iVoc of 685 mV and saturation current densities J0 of 146 fA/cm2 are
reported on the optimized contacts. The solar cell contact performance parameters remain rela-
tively stable up to annealing temperatures of 200 °C, with contacts resistivities ρc remaining at 25
mΩ-cm2. These results, coupled with a decrease in parasitic absorption due to the introduction of
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transparent hole-selective materials into the silicon heterojunction contact, present an opportunity
for increased solar cell performance in the next generation of high-efficiency devices.
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CHAPTER 4: CARRIER SELECTIVITY USING SPATIAL ALD
MOLYBDENUM OXIDE
Portions of this chapter were published in:
Gregory, G., Luderer, C., Ali, H., Sakthivel, T. S., Jurca, T., Bivour, M., Seal, S., Davis, K. O.,
Adv. Mater. Interfaces 2020, 2000895. [103]
4.1 Introduction
Transition metal oxides (TMO’s) are used in a wide range of industrial applications including
catalysis for chemical processing, batteries and fuel cells, artificial photosynthesis, charge injection
in organic electrodes, light emitting diodes, and photovoltaic solar cells [104, 105, 106, 107, 108,
109, 110, 111, 112, 113]. In most applications, this class of materials is used to facilitate charge
transfer between a semiconductor and metallic electrode by providing energy-level alignment for
charge transport [114]. TMO’s have work functions ranging from 3 eV (ZrO2) to 7 eV (V2O5),
making them suitable candidates for energy-level alignment in a variety of devices [50].
In crystalline silicon (c-Si) solar cells, TMO’s are being explored for applications as transparent,
dopant-free heterocontacts to the silicon absorber [115]. These have the potential to replace the
heavily doped contacts found in current state-of-the-art heterojunction solar cells, [116, 117] which
can suffer from parasitic optical absorption and increased Auger recombination at the silicon sur-
face [65, 118].
TMO’s are commonly deposited using different physical vapor deposition (PVD) techniques such
as thermal evaporation and sputtering [32, 33]. Atomic layer deposition (ALD) has emerged as
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an alternative for TMO deposition [119]. ALD offers greater thickness control and uniformity
than PVD due to its reaction-limited growth process, making it ideal for applications requiring
ultra-thin, conformal oxides on textured silicon surfaces [34, 35, 36, 37]. While this technique
has many advantages over PVD, depending on molecular precursor choice, it may require ’energy
enhancement’ of the oxidant pulse, most commonly in the form of a plasma or O3 ozone, to achieve
efficient growth [120]. Additionally, the growth rate of ALD is typically on the order of angstroms
per second, limiting it’s industrial adaptation to only a few select manufacturing sectors.
It has been shown, however, that spatially-separated ALD reactors are capable of depositing ma-
terials at industrial throughput rates while maintaining excellent control over thin film thickness
and uniformity [38]. This breakthrough technology has already been used to deposit high-quality
Al2O3 at deposition speeds of at least 1.2 nm s
–1 for silicon solar cell passivation [39] and industrial
manufacturing lines have been successfully upgraded with spatial ALD equipment to manufacture
next-generation solar cells [40]. This promising high-throughput technique has also been demon-
strated in several other academic and industrially relevant applications, shown in Table 4.1.
Figure 4.1 shows a schematic diagram of the spatial ALD (SALD) setup used in this work. This
process continuously supplies precursors in zones which are spatially separated by inert gas shields.
Table 4.1: Industrial applications of thermal SALD, including the substrate, deposition tempera-
ture, and metal and oxidant precursors.
Film Substrate Deposition Temperature Metal/Oxidant Precursors Application
Al2O3 c-Si 200 °C TMA/H2O c-Si photovoltaics [39]
Al2O3 2G Glass 100 °C TMA/O3 OLED displays [121]
Al2O3 Porous LiCoO2 60-120 °C TMA/O3 Li-ion batteries [122]
MoO3 c-Si 120 °C (NtBu)2(NMe2)2Mo/O2 c-Si photovoltaics
Pt TiO2 nanoparticles 100 °C MeCpPtMe3/O2 Photocatalysis [123]
TiO2 Glass/ITO 100 °C TiCl4/H2O Organic photovoltaics [124]
Al-doped ZnO c-Si, glass 220 °C DEZ/H2O/TMA c-Si photovoltaics [125]
ZnO Glass 200 °C DEZ/H2O Transistors [126]
ZnO Perovskite 95 °C DEZ/H2O Perovskite photovoltaics [127]
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Figure 4.1: Schematic diagram of the spatial ALD reactor used in this work. The substrates are
mounted on a drum and rotated past the oxidant plasma and metal precursor half-reaction zones,
separated by an inert purge gas zone. By continuously rotating the substrates underneath the reac-
tor, the two half-reactions will take place to form multiple monolayers of a thin film.
While the substrate is rapidly transported from one zone to the other in a rotary reactor, a mono-
layer of each precursor chemical forms on it’s surface. This drastically increases the deposition
speed of the process compared to traditional ALD, as a purge step is no longer needed [128].
In this chapter, the use of plasma-assisted SALD to deposit sub-stoichiometric molybdenum ox-
ide (MoOx) as a hole-selective contact to c-Si solar cells is presented. The structural and optical
properties of the MoOx thin film are investigated. The structural properties are correlated to solar
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cell device characteristics using carrier transport simulations in wxAMPS [8]. The quality of the
contact’s passivation is also evaluated via photoconductance measurements. The electrical prop-
erties of MoOx contacts to p-type c-Si are then evaluated and it is shown that they are ohmic with
low contact resistivities that are stable through a range of contact annealing temperatures. The
applicability of SALD MoOx to industrial solar cell contacts is then discussed. This discussion is
motivated by solar cell performance parameters, simulated using an equivalent circuit model and
Sunsolve ray tracing software [9].
4.2 Experimental Details
The MoOx thin films were deposited in a SALD reactor manufactured by Lotus Applied Tech-
nologies. The precursors used were (NtBu)2(NMe2)2Mo as the Mo precursor and O2 plasma as
the oxidant. Successful application of SALD for the growth of MoOx under industrially friendly
conditions (atmospheric pressure with the absence of plasma oxidant) necessitates further devel-
opment of molecular precursors. Such a process would require a highly volatile liquid precursor
to be delivered under atmospheric pressure. The byproducts of the self-limiting growth process
should also be small and highly volatile to be removed in absence of vacuum. This bonding mo-
tif of this process should not require a strong oxidant such as plasma to elicit reactivity. While
commercially available and widely utilized (NtBu)2(NMe2)2Mo meets several of these criteria, the
presence of two strong Mo=N bonds necessitates the use of plasma O2 as the oxidant. Recent work
from Lauhon, Marks, and coworkers point to Mo(NMe2)4 as a potentially suitable candidate for a
plasma-free (O3/H2O) atmospheric pressure SALD process [129, 130].
The substrates were held at 120 °C during the deposition, with a source temperature of 100 °C.
The substrate temperature was chosen based on previous work, which indicates that amorphous
film growth can be achieved using these precursors within the range of 50-200°C [131]. The spa-
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tial reactor was run at 60 RPM with a growth rate of 0.9 Å/cycle to achieve a deposition speed
of 5.4 nm/min. The ALD growth rate of 0.9 Å/cycle is in good agreement with previous work,
which confirmed that amorphous film growth does indeed occur in this regime [131]. The MoOx
deposition rates were confirmed via ex-situ ellipsometry and cross-checked using etching and pro-
filometry. The Experimental Section of this chapter provides a comprehensive description of the
fabrication and characterization for all of the samples presented in this work.
4.3 Results and Discussion
Ultraviolet Photoelectron Spectroscopy (UPS) was performed on the SALD MoOx in both the as-
deposited state and after a 10 minute anneal in a N2 environment at 200 °C. Figure 4.2a shows the
Mo 3d core level of this film under both conditions. The core level is split into a 3d5/2 and 3d3/2
doublet, centered at 232.8 eV and 236.0 eV, respectively. These two peaks have been identified
as the fully oxidized Mo6+ states in previous work using evaporated MoOx [132]. In both the as-
deposited and N2 annealed conditions, the Mo
5+ doublet was also used to obtain a better fit to the
UPS data. It has been shown that MoO3, as a 4d metal oxide, is highly ionic compared to other
metal oxides and tends to dissociate into MoOx through the addition of O vacancies. The most
stable O vacancies have energy levels just below the conduction band energy, making the material
an n-type semiconductor [133]. The existence of these Mo5+ peaks has been correlated to an
oxygen vacancy at the vertex of an octahedron in the amorphous MoOx structure [132], confirming
that the films are slightly sub-stoichiometric. The Mo5+ peaks are more pronounced for the spectra
of the film after an N2 anneal at 200°C, suggesting that more O vacancies are formed during the
annealing process.
Figure 4.2b shows the valence spectra from UPS measurement for 5nm MoOx films. The spectra
show that the work function in the as-deposited state (5.01 eV) is lower than that of stoichiometric
40
MoO3 (6.6 eV) [133]. As more O vacancies are introduced into the material, the work function
of MoOx (φMoOx) decreases, and the Fermi level moves closer to the conduction band [134]. The
sample that was annealed at 200 °C in N2 has an even lower work function (4.79 eV), suggesting
that more O vacancies were introduced during the anneal.
Figure 4.2c shows a simulation of band-bending in the c-Si as a function of the contact work
function on both p-type and n-type c-Si with a resistivity of 1 Ω-cm. By simulating the MoOx based
hole-selective contact as simply a metal on c-Si, the reader can see the importance of the contact
work function on the formation of an induced junction. As the contact work function increases,
the band mismatch between the contact and the c-Si Fermi position also increases. This creates
significant upward band-bending and allows the surface of the c-Si to have a high concentration of
holes. Fermi-level pinning was neglected in this simulation. The band-bending is much higher in
n-type c-Si due to the lower Fermi-level position in the c-Si. This simulation suggests that positive
upward band-bending can be achieved with our SALD MoOx in the as-deposited state, as a work
function of 5.01 eV results in band-bending above 0.8 eV on n-type c-Si. Positive upward band-
bending is also possible on p-type c-Si with this work function, but with a much lower magnitude
near 0.2 eV. The band-bending requirements are significantly relaxed in this case however, as MoOx
selects majority carriers and pP junction is formed.
In Figure 4.2d, a band diagram of a stoichiometric MoO3 contact to p-type c-Si is shown. The
high φMoOx (6.3 eV) of the MoO3 causes positive band bending in the c-Si near the interface and
allows holes to tunnel directly from the c-Si valence band into the MoO3 conduction band. Figure
4.2e shows a reduced MoOx thin film, with O vacancy defects with energies within the bandgap
of MoOx. The MoOx layers in these band diagrams were simulated as wide bandgap semiconduc-
tors and the O vacancy concentrations were simulated using donor defect levels near the MoOx
conduction band. The high concentration of O vacancies in the sub-stoichiometric MoOx weakens
the band-bending in the c-Si and lowers the energy barrier for electron transport through the hole
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Figure 4.2: a) The Mo 3d peaks from UPS spectra of a 5 nm MoOx film on a p-type c-Si substrate
in the as-deposited state and after an N2 anneal at 200 °C. The Mo
5+ valence states exist under
both conditions, but are slightly more pronounced after the N2 anneal. b) The secondary electron
cutoff from the UPS spectra of the same MoOx film. The work function becomes slightly lowered
after the N2 anneal. c) Simulations of a metal-semiconductor contact showing the influence of the
φMoOx on the band-bending ϕ at the surface of p-type and n-type c-Si substrates, neglecting Fermi-
level pinning. The bandgap energy of c-Si is transposed in blue. d) A stoichiometric MoO3 contact
creating strong band-bending at the c-Si surface and direct hole conduction into the conduction
band of MoO3. e) Reduced MoOx contact, with O vacancy defect energies within the bandgap,
creating weak band-bending in the c-Si due to a lower work function φMoOx . This leads to trap-
assisted tunneling of holes into the contact [7] and a higher probability of electrons tunneling
through the SiOx layer. Both the band-bending figure and band diagrams were simulated with a
thin SiOx tunneling layer using wxAMPS [8].
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Figure 4.3: a) A cross-sectional TEM image of the Al/Ni/MoOx contact structure showing no
interlayer formation at the Ni/MoOx interface. b) The reaction energy (Erxn) of interfaces between
MoO3 and several materials relevant to photovoltaic devices c) Refractive index n and extinction
coefficient k of 8nm SALD MoOx on polished c-Si, determined via spectroscopic ellipsometry.
contact, making the contact less selective. In this case, holes undergo a trap-assisted tunneling
process where they conduct from the valence band of the c-Si into O defect states of the MoOx
before they can transport into the conduction band [7]. Electrons also have a greater probability of
tunneling through the SiOx due to the lowered barrier height. The lowered band-bending seen in
the annealed MoOx in Figure 4.2a will therefore lower the hole-collection efficiency of the contact.
Figure 4.3a shows a cross-sectional HRTEM image of a 5 nm MoOx thin film capped with a thick
Al layer and a relatively thin interfacial Ni layer. A thin (∼1 nm) SiOx layer was grown using a
ultraviolet (UV) ozone generator prior to the MoOx deposition to limit the reduction of the film via
O diffusion towards the c-Si interface. Previous experiments have shown that when Al is deposited
directly onto MoOx, O tends to migrate towards the Al interface and form a thin Al2O3 interlayer
[135]. It is evident that no interfacial oxide layer exists at the Ni/MoOx interface.
The formation of interfacial oxide layers, or lack thereof, can be explained using thermodynamics.
Figure 4.3b shows the reaction energy (Erxn) of interfaces between MoO3 and several materials
relevant to photovoltaic devices. This data was collected from the Materials Project [136] using the
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methods outlined by Richards et al. that determine whether two solid materials in direct contact
with each other are thermodynamically stable [137]. Both Al and Si form highly reactive interfaces
with MoO3, helping explain the formation of interfacial oxide layers found in the literature for both
cases. As expected, interfacial oxide layers have been observed for both c-Si/MoOx interfaces, as
shown here, as well as at a-Si:H/MoOx interfaces [138, 139]. They have also been observed at
interfaces between Si and tungsten oxide [140], as well as Si and vanadium oxide [141]. Ni forms
a stable interface, along with any oxide-based passivation layers or transparent conductive oxides.
This has been confirmed experimentally in the case of ITO by Sacchetto et al. [139] and Ali et al.
[142].
To assess the optical properties of the SALD MoOx, we performed spectroscopic ellipsometry mea-
surements on a polished c-Si substrate with 8 nm of MoOx. Figure 4.3b shows the refractive index
n and extinction coefficient k. A Tauc-Lorentz oscillator with an additional Gaussian oscillator at
1.3 eV were used to determine the optical constants of the film. The value of n is just below 2,
making it ideal for light coupling with the c-Si substrate. These results are in good agreement with
other studies of ALD MoOx thin films [131].
It has been shown that a sub-stoichiometric SiOx will form at the MoOx/c-Si interface when MoOx
is deposited directly onto a c-Si substrate with no buffer layer [141]. This oxide is formed as a
result of a chemical reaction in which the c-Si surface is partially oxidized during deposition of the
first few monolayers of the MoOx. Direct passivation of c-Si using MoOx with an interfacial SiOx
has led to moderate passivation, with implied open-circuit voltages iVoc’s of 637 mV [141] and
open-circuit voltages Voc’s of 580 mV [132]. Silicon heterojunction (SHJ) solar cells utilize a thin
intrinsic, hydrogenated amorphous silicon (a-Si:H(i)) passivation layer in between the p-doped a-
Si:H and the c-Si substrate to lower the Shockley-Read-Hall recombination at the interface. These
state-of-the-art solar cells are capable of achieving Voc’s of ∼ 750 mV [143]. Many groups have
replaced the p-doped a-Si:H layer with MoOx to increase the available generation current to the
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Figure 4.4: Comparison of: a) The effective carrier lifetime τeff as a function of injection level
∆n for the rear MoOx contact with and without a 5.5 nm a-Si:H(i) on low resistance (1 Ω-cm)
p-type FZ wafers with a front side electron-selective SHJ contact and indium tin oxide transparent
conducting oxide. The implied open-circuit voltage iVoc is also displayed for both samples.
device while maintaining the excellent passivation provided by the a-Si:H(i); Voc’s of 725 mV have
been achieved for these devices [144, 145].
To demonstrate the ability of SALD to effectively deposit high-quality MoOx contacts, we fabri-
cated asymmetrical lifetime samples with a front emitter electron-selective SHJ contact, featuring
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indium tin oxide (ITO) as a transparent conducting oxide. Figure 4.4a shows the effective carrier
lifetime τeff as a function of the excess carrier density ∆n for these samples. The rear-side contacts
feature a 5 nm MoOx contact with either an a-Si:H(i) or a tunneling SiOx passivation interlayer, as
shown in Figure 4.4b and c, respectively. The SiOx interlayer was intentionally grown in this case
using a UV ozone generator to prevent further reduction of the MoOx. As expected, this sample ex-
hibits moderate passivation with the τeff reaching 275 µs at a ∆n value of 1E+15. The iVoc of this
sample is 610 mV under 1 sun illumination conditions. The sample with an a-Si:H(i) layer exhibits
excellent passivation, with a τeff value of 2.63 ms at a ∆n value of 1E+15. Previous studies have
shown that a SiOx layer tends to form at the a-Si:H(i)/MoOx interface, but this layer does not seem
to prevent efficient charge transfer through the contact and high photoconversion efficiencies are
still possible, despite the existence of such an interfacial layer [145]. This corresponds to an iVoc
of 699 mV under 1 sun illumination conditions. This value is comparable to previously reported
values where ALD MoOx was used as the hole-selective layer in SHJ solar cells [146]. Neither of
the asymmetrical samples were annealed prior to photoconductance characterization.
The contact resistivity of a solar cell contributes significantly to the overall series resistance Rs,
which can lower the fill factor and limit the photoconversion efficiency of the device. To assess
the contact resistivity of the SALD MoOx contacts, we fabricated several contact structures on p-
type c-Si with a thin (∼ 1 nm SiOx interlayer and different metallizations. Figure 4.5a shows the
J-V curves of these structures. The Al/Ni/MoOx contact exhibits good Ohmic conduction. As a
point of comparison, the Al/MoOx contact exhibits insulating behavior, indicating a high energy
barrier to charge transport. Similarly, the sample with Ni directly deposited onto the c-Si with a
thin SiOx layer displays non-ohmic behavior, suggesting the existence of a barrier to transport in
the contact. Figure 4.5b shows the schematic of three test structures used to obtain the dark J-V
curves in Figure 4.5a. The contact resistivity (ρc) extracted from a sample with 5 nm of MoOx,
150 nm of Al, and a 100 nm Ni interlayer that was annealed in air through a range of temperatures
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Figure 4.5: a) Selected dark J-V curves from all three contact resistivity structures. The
Al/Ni/MoOx contacts display ohmic conduction while the Al/MoOx contacts were non-conductive.
Ni contact directly on SiOx/c-Si (p) is shown for reference. b) Schematic diagrams of the three
test structures used to measure dark J-V curves of different hole-selective contacts. c) The contact
resistivity ρc of the Al/Ni/MoOx contact, measured using the Extended Transmission Line Method
(ETLM) as a function of contact annealing temperature.
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for 10 minutes is shown in Figure 4.5c. At all annealing temperatures, this contact remains Ohmic
with ρc values below 10 mΩ-cm2. Once the annealing temperature reached 400 °C, the contacts
began to exhibit rectifying behavior.
There are many opportunities to implement SALD MoOx into industrial solar cell architectures.
The most obvious implementation being to replace the p-doped a-Si:H contact in silicon hetero-
junction solar (SHJ) cells with transparent MoOx. This can improve the short circuit current density
(Jsc) of the solar cell by reducing the parasitic optical absorption at the front of the cell, providing
an increase the available generation current (JG) [144, 145].
To quantify the potential solar cell performance enhancement, optical simulations have been car-
ried out using SunSolve to calculate the expected gains in JG, and therefore Jsc [9]. Figure 4.6a
shows the calculated JG for four different structures, including: the standard hole selective SHJ
structure with 4 nm of a-Si:H(i) [65], 6 nm of p-doped a-Si:H [65], and 70 nm of ITO [83] on
random upright pyramids; the same structure, but with 4 nm of MoOx [80] replacing a-Si:H(p);
Figure 4.6: a) Calculated JG for the different front side SHJ structures, along with the current
loss due to front reflectance (JR−f ), front parasitic absorption (Jloss−f ), rear parasitic absorption
(Jloss−r), and escape (JR−esc). b) Simulated quantum efficiency and reflectance curves for the
structures. c) Simulated parasitic optical absorption occurring at the front side of each of the
structures. The optical simulations were calculated using SunSolve. [9]
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the same structure, but with MoOx and 1 nm of Al2O3 [84] replacing a-Si(p)/a-Si:H(i); and another
structure featuring the ITO/MoOx/Al2O3 stack deposited onto black silicon nanostructures. Fig-
ure 4.6a also shows the distribution of the individual current losses, broken down into loss due to
front reflectance (JR−f ), front parasitic absorption (Jloss−f ), rear parasitic absorption (Jloss−r), and
escape reflectance (JR−esc) [147, 148, 149].
There is an incremental improvement in the JG for each structure due to an improved blue response
in the quantum efficiency (QE) curve (380-500 nm range). Where the standard a-Si:H-based SHJ
cell has an expected JG of 39.4 mA/cm2, the use of MoOx results in an increase of 0.6-0.7 mA/cm2.
An additional 0.8 mA/cm2 can be gained by also replacing the a-Si:H(i) with Al2O3. This step is
more challenging in practice, since very thin, tunneling Al2O3 passivation layers do not yet achieve
the same level of passivation as a-Si:H(i). However, Gregory et al. have recently shown over 1
ms effective carrier lifetimes can be achieved with 1 nm thick ALD Al2O3 films by deliberately
incorporating additional hydrogen into the films during ALD growth [63]. The use of ALD as
a deposition technology for both the passivation and carrier-selective films invites the possibility
for integrating these heterojunctions into nanostructured silicon surfaces, since ALD Al2O3 is the
primary passivation approach that has been used with black silicon nanostructures [150, 151, 152,
153, 154, 155]. An ALD Al2O3 and MoOx heterojunction on black silicon nanostructures presents
challenges, but also has the potential to boost the current by an additional 0.4 mA/cm2 by reducing
Jloss−r. This leads to a total increase of approximately 1.8 mA/cm2 compared to the standard
a-Si:H-based SHJ cell.
The improved blue response for each case is evident in the simulated QE and reflectance R curves
shown in Figure 4.6b. The improvement gained in the blue response when replacing a-Si:H (p)
with MoOx has been evidenced in silicon heterojunction solar cells with efficiencies as high as
23.5% [145]. The reflectance values are similar for the three structures featuring random, upright
pyramids, but significantly lower for one with black silicon. Figure 4.6c shows the fractional
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parasitic absorption loss (Aloss) for each case, again showing the progressive improvement coming
from replacing the a-Si:H layers with metal oxides. The remaining current loss is due to the ITO.
Improved transparent conductive oxides remain a critical area of need to further reduce optical
losses in SHJ cells.
4.4 Summary
In this chapter, the applicability of spatial atomic layer deposition (SALD) to fabricate MoOx thin
film contacts for silicon solar cells was demonstrated, indicating that it is possible to fabricate
transparent carrier-selective contacts on an industrial scale. The MoOx work function has a rela-
tively high value, which allows for positive band-bending in the c-Si, facilitating efficient charge
transport through the contact. HRTEM images further indicated that no apparent O migration oc-
curs at the MoOx/metal interface during contact fabrication. Additionally, the refractive indices of
the MoOx shared in this chapter make it ideal for light coupling with the c-Si substrate with little
optical absorption.
The thin (∼4 nm) MoOx film was successfully applied to the rear contact of silicon heterojunc-
tion solar cell precursors with and without the intrinsic amorphous silicon passivation layer. As
expected, without the amorphous silicon passivation, the devices suffer from increased recombina-
tion at the contact interface. However, with the intrinsic amorphous silicon passivation, the implied
open circuit voltage of the device was 699 mV with an effective carrier lifetime >2 ms. The value
of the MoOx contact resistivity on a c-Si substrate remains constant at ∼10 mΩ-cm2 up to a 300
°C contact anneal in air, indicating that carrier transport remains robust at elevated fabrication
temperatures.
Finally, the quantum efficiency, reflectance, and parasitic absorption of different industrial solar
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cells were simulated with several hole-selective heterojunction front contacts. The simulations
have shown that an incremental improvement in the available generation current density is possible
if the standard amorphous silicon layers are replaced with wide bandgap MoOx and Al2O3, which
provides an improved blue response in the quantum efficiency (QE) curve.
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CHAPTER 5: EFFICIENT LATERAL TRANSPORT USING ALD
AL-DOPED ZINC OXIDE
5.1 Introduction
The metal electrodes on the front contact of a solar cell are typically deposited in a grid pattern
in such a way that minimizes the flux of photons that are ’shaded’ from the c-Si absorber. The
electrodes must be given high aspect ratios so that the Rs of the solar cell is not significantly
impacted by their resistivity. This unique patterning approach allows for the optimization of a
high photon flux, balanced by a low Rs. Charge carriers that have been collected by the contact
must be laterally transported towards the metallic grid. Since most passivating and carrier selective
contact layers are often only several nanometers thin, a much thicker transparent layer with a low
sheet resistance is typically needed for lateral transport as shown in Fig. 5.1. Highly conductive
wide bandgap oxides are most commonly used for this in solar cells for their high transparency
[58, 59, 60, 61]. This layer of the device is often referred to as the transparent conducting oxide
(TCO) and the material choice is driven by a number of factors including: the material’s work
function, band alignment, device compatibility, processing requirements, and cost.
In order to achieve high transparency and high conductivity, these wide bandgap oxides are degen-
erately doped so that their Fermi position sits within the material’s conduction band. Degenerate
doping in TCO layers is created from the formation of point defects with an ionization energy close
to the conduction band energy, most commonly oxygen vacancies [62]. In addition to oxygen va-
cancy formation, further doping is often required by the addition of substitutional species such as
Al, Sn, and Sb [62]. By introducing ionized impurities into the material, such as oxygen vacancies
and dopant species, the free carrier concentration will increase as more electrons are donated to the
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Figure 5.1: A schematic diagram showing the role of the transparent conducting oxide (TCO) in
a carrier-selective contact solar cell: To laterally transport carriers that have been selected by the
contact towards the front electrode metallization. A careful balance of optical transparency and
electrical resistivity must be made during the doping step of the TCO processing sequence.
conduction band. Of course, as the level of ionized impurities becomes large, the carrier mobility
will significantly decrease due to ionized impurity scattering. Therefore a careful balance of free
carrier concentration and mobility must be made during the degenerate doping processing step.
The TCO layer of a solar cell must transmit the full spectrum of light into the solar cell absorber,
from infrared wavelengths, to the high energy ultraviolet wavelength portion of the spectrum. The
plasma resonance frequency of the free carriers will determine the limit of the infrared portion of
the spectrum that is able to transmit through the thin film. While the fundamental bandgap energy
of the film determines its ultraviolet cutoff frequency. Increasing the density of free carriers in the
film shifts the infrared absorption edge towards the visible portion of the spectrum by shielding
the incoming light, causing it to undergo intraband transitions in the conduction band of the TCO.
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The ultraviolet cutoff frequency will also shift towards the visible with the increase of free carrier
density according to the relation ∆E ∝ n3/2 [62].
In addition to laterally transporting carriers to the front electrode metallization, the TCO may also
serve the role of an anti-reflection coating (ARC). TCO materials have intermediate refractive in-
dices between that of c-Si and air that reduce Fresnel reflection and provide destructive interference
for incident light waves. This will minimize the fraction of light that is reflected from the surface
of the device. Typically an ARC with a refractive index near 2, will maximize destructive interfer-
ence at a thickness near 75 nm. This thickness is chosen to minimize the targeted wavelength of





where tARC is the thickness of the anti-reflection coating, λ is the wavelength of interest, and n is
the refractive index of the material.
One of the most challenging issues to date facing the incorporation of efficient TCO materials
into carrier-selective contact solar cells is identifying deposition conditions for the TCO that are
compatible with the underlying device layers. Indium tin oxide (ITO) was the first, and is the
most widely used TCO to be implemented in carrier-selective contact solar cells, with a typical
mobility in the range of 20-40 cm2/V s and a free carrier concentration of 1019-1021 cm–3[58, 156].
This material is most often sputtered onto the front contact using a DC or RF sputtering tool to
a thickness of ∼70nm to minimize front surface reflectance. The significant flux of high energy
ions has proven to damage the underlying p-type and intrinsic a-Si:H contact layers, as well as the
a-Si:H(i)/c-Si interface in SHJ solar cells [157]. This can significantly affect the surface passiva-
tion performance by disrupting the chemical passivation provided by the a-Si:H(i) layer. However,
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a portion of the degradation has been able to be recovered by increasing the ITO sputtering tem-
perature. The elevated temperature of the sputtering chamber acts as a curing atmosphere for the
a-Si:H(i) layer, mitigating the damage done by the high flux of ionized particles through a chemi-
cal reordering of the interfacial a-Si:H/c-Si bonds [157]. Other groups have mitigated the sputter
damage by increasing the thickness of the a-Si:H(i) layer in order to protect the chemical surface
passivation of the c-Si [158]. The increased a-Si:H(i) thickness consequently reduces the available
photon flux to the absorber through increased parasitic absorption and increases the Rs of the solar
cell [65]. Clearly an alternative deposition technique to traditional sputtering is needed in order to
improve the compatibility of standard TCO layers with the next generation of solar cell contacts.
Significant advancements in TCO compatibility with carrier-selective contact layers has come with
the introduction of ALD as an alternative deposition technique to sputtering. In the absence of
a high energy flux of ionized particles, ALD TCO layers are able to consistently maintain the
passivating and carrier-selective properties of the underlying contact layers without the need for
a mitigation strategy. A popular TCO material choice using ALD as the deposition technique is
AZO, with groups having successfully demonstrated its use in SHJ solar cells [159]. Zinc oxide
(ZnO) has a wide bandgap of 3.30 eV and is used in a variety of other optoelectronic applications
including sensors and light-emitting diodes [160, 161].
Aside from providing a ’softer’ deposition process than sputtering techniques, the monolayer film
growth of the ALD technique also provides control over the doping concentration of the TCO
layer. Whereas sputtering techniques for materials such as ITO rely on a target with a fixed dopant
concentration (i.e. 90% In2O3 10% SnO2). By inserting one monolayer of Al2O3 in between two
monolayers of ZnO, the following Kröger-Vink reaction occurs:
Al2O3





where two free carriers are donated to the conduction band of the ZnO. If the ALD deposition






where λAl2O3 and λZnO are the Al2O3 and ZnO ALD deposition rates, respectively, and Γ is the ratio
of ZnO layers to Al2O3 layers as determined by the ALD process recipe [162]. Diethylzinc (DEZ)
and trimethylaluminum (TMA) are most commonly used for the Zn and Al metal precursors, re-
spectively, while water (H2O) or ozone (O3) are typical oxidants. Inserting Al2O3 in between two
monolayers of ZnO can be considered the standard ’doping sequence’ used in most applications of
ALD AZO films [163]. There are, however, other ways to insert Al dopant species into the film
using different sequences of DEZ, TMA, and H2O pulses. Figure 5.2 shows a schematic diagram
of three possible doping sequences in ALD AZO films: 1) the ’standard’ doping sequence where
TMA is pulsed in the place of a DEZ pulse, 2) TMA is pulsed in between a DEZ pulse and a
water pulse, and 3) TMA is pulsed in the place of a water pulse. The resistivity of the AZO can
be minimized using doping sequence numbers 2) and 3), as the interaction of the TMA and DEZ
pulses tends to minimize defect sites in the polycrystalline film [163]. By minimizing defect sites,
the preferred (0002) hexagonal orientation is enhanced and charge carrier scattering mechanisms
are minimized [164]. Aside from the ratio Γ and the pulsing sequence, other factors such as the
deposition temperature and dopant precursor choice can influence the final carrier concentration
and resistivity of the film [165, 166, 167].
The purpose of this chapter is to demonstrate the optoelectronic properties of ALD AZO for it’s
application as a TCO for passivating, carrier-selective contact solar cells. A comparison of ALD
AZO and sputtered ITO is given to evaluate the two TCO materials. The ALD processing sequence
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Figure 5.2: A schematic diagram showing three possible Al doping sequences for ALD AZO films:
1) the ’standard’ doping sequence where TMA is pulsed in the place of a DEZ pulse, 2) TMA is
pulsed in between a DEZ pulse and a water pulse, and 3) TMA is pulsed in the place of a water
pulse.
of AZO will be given in detail, followed by an evaluation of the optical properties of the films using
spectroscopic ellipsometry and spectroscopy. The electrical properties are also evaluated using
four-point probe measurements to obtain their sheet resistance, resistivity, and contact resistivity.
The chapter will conclude with a discussion of the benefits of ALD AZO as a TCO for passivating,
carrier-selective contact solar cells compared to sputtered ITO.
5.2 Experimental Details
AZO layers were deposited on c-Si and glass substrates in the following manner. First, mirror
polished (∼500 µm thick) and planar (∼200 µm) thick c-Si wafers were stripped of their native
oxide with a 2 M hydroflouric (HF) acid solution. The planar c-Si FZ wafers were n-type and had
a resistivity of 1 Ω-cm. Next, a thin SiOx layer (∼1 nm) was grown on the c-Si in a UV-Ozone
cleaner using techniques described in previous literature [85, 86]. The AZO layers were then
deposited in a thermal ALD reactor (CtechNano, Play Series), at substrate temperatures ranging
from 150-200 °C. Several cycles of ALD AZO were deposited using alternate pulses of DEZ and
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TMA as the metal precursors and H2O as the oxidant. The DEZ and TMA pulse times were 200
ms and 500 ms, respectively, the water pulse time was 500 ms for the ZnO, Al2O3, and depositions.
The purge time was held at 10 s for all deposition recipes.
The ITO layers were deposited onto the same c-Si and glass substrates as the AZO, having un-
dergone the same pre-treatment processes. The ITO was RF sputtered onto the substrates using
an RF power of 50 W and a substrate temperature of 100°C in an argon environment to obtain a
deposition rate of ∼0.25 Å/s.
The thicknesses of both the ALD AZO and sputtered ITO were determined using spectroscopic
ellipsometry. Standard material models provided by JA Woollam were used to determine the thick-
ness and optical properties of both materials. The sheet resistance and resistivity were then mea-
sured for each TCO material, deposited on glass substrates, using the four-point-probe technique.
The optical transparency of the films deposited onto glass slides were then determined in the 300-
1300 nm wavelength range using a Agilent Cary 500 spectrophotometer. The TCO samples used
for contact resistivity measurements were contacted with 1 µm of Ag, deposited through a shadow
mask using an electron-beam thermal evaporator with a growth rate of 1 Å/s.
5.3 Results and Discussion
5.3.1 Atomic Layer Deposition of AZO
In order to determine the correct ratio Γ of Al doping cycles to ZnO cycles necessary to achieve
a specific Al at. % in the films, the growth rates of both Al2O3 and ZnO were first determined
using a quartz crystal mass balance during the ALD processing. The chamber temperature was set
to 150°C during both depositions. The thickness of each film was then confirmed post-deposition
using ellipsometry. Figure 5.3 shows the thickness of both the ZnO and Al2O3 films as a function
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Figure 5.3: Al2O3 and ZnO thickness vs number of ALD cycles. The ZnO ALD was performed
using diethylzinc and water as the reactants and the Al2O3 ALD was performed with trimethylalu-
minum and water as the reactants. Both depositions were performed with a chamber temperature
of 150°C.
of the number of ALD cycles. The ALD ZnO recipe resulted in a growth rate of 2.09 Å/cycle. This
value is slightly larger than the typical growth rate of ∼1.9 Å/cycle found in the literature [168].
This indicates that the deposition conditions may have been slightly outside of the self-limited
growth window, but the consistency of the growth rate over several cycles would ensure good
film uniformity. The ALD Al2O3 recipe results in a growth rate of 1.01 Å/cycle. This is in good
agreement with the ALD growth rate of Al2O3 found in the literature, indicating that self-limited
growth does occur under these conditions [169].
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Table 5.1: Experimental parameters for six different ALD AZO runs. The parameter t represents
the films thickness measured via ellipsometry, the deposition temperature is the temperature of the
ALD chamber, the doping sequence refers to the sequences described in Figure 5.2, the ratio Γ
represents the ratio of dosing cycles to ZnO cycles, and ρ is the resistivity of each film measured
using the four-point-probe technique.
Experiment t (nm) Dep. Temperature (°C) Doping Sequence Ratio Γ ρ (mΩ-cm)
1 77.3 150 TMA→H2O 16:1 15.3
2 78.8 150 DEZ→TMA→DEZ 16:1 7.58
3 70.9 150 DEZ→TMA→DEZ 12:1 6.55
4 102 150 DEZ→TMA→DEZ 12:1 4.89
5 97 200 DEZ→TMA→DEZ 12:1 1.80
Using the growth rates obtained in Figure 5.3, a series of experiments were carried out to determine
the ALD parameters that would result in the lowest resistivity films. The Al dopant concentration,
ALD deposition temperature, film thickness, and ALD doping sequence were all varied for several
different deposition runs. An Al dopant concentration of 3 at. % gave the lowest film resistivity
in a previous study where DEZ, TMA, and H2O were used as the ALD precursors [168]. This
was the chosen starting point for the Al at. % in this study, which corresponds to a Γ ratio of
16:1, according to Equation 5.3. Table 5.1 shows the deposition parameters and results of the six
experiments in this study.
A film thickness of 75 nm with a bulk resistivity value below 3 mΩ-cm would provide the desired
balance of optical transparency and lateral conductivity needed for an efficient TCO layer. A TCO
with these properties would result in a sheet resistance (Rsh) of 400 Ω/, adding only a small Rs
contribution to a final solar cell device. In the first experiment 77 nm of AZO were deposited at a
deposition temperature of 150°C using the ’standard’ doping sequence with a Γ ratio of 16:1. This
resulted in a film resistivity of 15.3 mΩ-cm. To decrease the resistivity of the film, the standard
doping sequence was switched to doping sequence #3, as shown in Figure 5.2, where a TMA
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pulse is inserted directly between two pulses of DEZ. As previously mentioned, it is believed that
the sequential TMA→DEZ pulses minimize defect sites in the polycrystalline film, allowing the
preferential (0002) grains to be enhanced and carrier scattering mechanisms to be minimized [164].
This significantly lowered the film ρ to 7.58 mΩ-cm. Next, the ratio Γ was changed to 12:1, which
corresponds to a Al at. % of about 4%. This resulted in a film ρ of 6.55 mΩ-cm.
To further decrease the resistivity of the film it was necessary to increase the film thickness. The
following section will show that this increase in thickness only marginally influences the optical
transparency of the film. Previous studies of ALD AZO suggest that intragrain scattering is reduced
as the film thickness increases as a result of the formation of larger grains, decreasing the film
resistivity [163]. This is likely why the resistivity decreases between Experiment 3 and 4. The
final experiment was run at an increased deposition temperature of 200°C in order to achieve a
film resistivity within the targeted range. This has been shown to remove precursor ligands and
carbonaceous species from the film [165]. The resistivity of the film in this final experiment was
1.80 mΩ-cm, which corresponds to a Rsh of 185 Ω/.
5.3.2 Optical Properties
With the final AZO recipe identified, it is necessary to assess the optical properties of the film
and compare them to that of sputtered ITO. Figure 5.4a plots the transmission of the 97 nm AZO
film developed in Experiment 6 along with a 73 nm ITO film. Despite the ITO film being much
thinner than the AZO, its transmittance is significantly lower, ≥73% from 375-1300 nm. This is
likely due to a significantly high free carrier concentration generated by the high concentration of
O vacancies in ITO. Groups have shown that the free carrier concentration can be optimized for
increased transparency by increasing the O partial pressure of the sputtering chamber during ITO
deposition [170]. The transmittance of the AZO film remains above 84% from 375-1300 nm. This
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Figure 5.4: a) The transmittance versus wavelength of both the 97 nm ALD AZO developed in
Experiment 5 and a 73 nm RF sputtered ITO film. b) A Tauc plot of both films showing the optical
bandgap for each film. Despite the films having similar bandgap energies, the transmittance of the
AZO is significantly higher in the visible portion of the spectrum.
is in good agreement with results reported in the literature [171].
Figure 5.4b shows the UV-absorption edge and bandgap energy of both the ITO and AZO films,
calculated from the transmittance data in Figure 5.4a using the Tauc method [172]. The bandgap
energy of the ITO was measured to be 3.42 eV, which is slightly lower than the values reported in
the literature [173]. This, again, indicates a significantly high free carrier concentration in the film,
which can narrow the bandgap energy according to the relation ∆E ∝ n3/2 [62]. The bandgap
energy of the AZO was measured to be 3.33 eV, which is in good agreement with the values
reported in the literature [162].
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5.3.3 Electronic Properties
The electronic properties of the ALD AZO and sputtered ITO were characterized to asses their lat-
eral transport and charge carrier collection efficiency. Transmission Line Method (TLM) patterns
were electron-beam evaporated onto the films through a shadow mask using 1 µm of Ag. Figure
5.5 shows a TLM plot for both of these films with the total resistance versus contact spacing. Ta-
ble 5.2 shows the results of the TLM measurements along with the results of the four-point-probe
(4PP) measurements.
Table 5.2 shows that the contact resistivities ρc of both films are below 10 mΩ-cm2. This will
ensure that the Ag electrodes will be efficiently collected from the TCO layers with minimal Rs
contributions to the solar cell. Both the TLM and 4PP measurements indicate that the Rsh of
the ITO film is significantly lower than that of the AZO film, despite the ITO film being thicker.
This is a further indication that the charge carrier concentration of the ITO is excessively high, a
likely explanation for the reduced transparency of the film in Figure 5.4a. The Rsh of the AZO
layer is still well below the acceptable limit to minimize the Rs contribution to the solar cell
and will efficiently transport charge carriers from the carrier-selective contact layer towards the
metal electrode. Notice that the Rsh values measured using the TLM technique are lower than
those measured with the 4PP technique for both films. This is likely due to an increase in sheet
conductivity when the 1 µm Ag electrode is deposited onto the surface of the TCO films. In order
to accurately calculate theRs contribution of theRsh of the TCO to the solar cell, theRsh measured
using the 4PP technique should be used.
63
Figure 5.5: A plot of the total resistance versus contact spacing gathered from TLM pads deposited
onto both the 97 nm AZO and 73 nm ITO films through a shadow mask using 1 µm of Ag.
Table 5.2: The contact properties for both the 97 nm AZO and 73 nm ITO films: The Ag contact
resistivity ρc, the sheet resistance Rsh measured using the TLM technique, the bulk film resistivity
measured using the four-point-probe technique (4PP), and the sheet resistance Rsh measured using
the 4PP technique.
Film t (nm) ρc - TLM (mΩ-cm2) Rsh - TLM (Ω/) ρ - 4PP (mΩ-cm) Rsh - 4PP (Ω/)
AZO 97.1 2.84 165 1.79 185
ITO 73.3 8.02 36.1 0.37 51.9
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5.4 Summary
In this chapter an AZO film was developed using atomic layer deposition to act as a transparent
conducting oxide layer for passivating, carrier-selective contact solar cells. The use of atomic layer
deposition, as opposed to the more traditional sputtering technique, offers a ’softer’ deposition
process that will not damage the surface passivation at the surface of the c-Si substrate.
The optical properties of the ALD AZO were compared to those of a sputtered ITO, a common
transparent conducting oxide used in solar cell devices. Despite being significantly thicker than
the ITO, the AZO exhibited greater transparency (≥84%) in the UV-vis spectrum. This is likely
due to an excess concentration of O vacancies in the ITO, which act as charge carrier donors. The
high concentration of charge carriers would absorb incoming light through intraband transitions
in the ITO. The bandgap energy of the ITO was also lowered, reaffirming the existence of a high
carrier concentration in the film. The refractive indices of both transparent conducting oxide films
were measured using spectroscopic ellipsometry; both are in good agreement with reports from
the literature.
The electrical properties of both films were also assessed to determine the lateral transport and
charge carrier collection efficiencies of these layers. The transmission line method was used to
assess the contact resistivities of each film and both exhibited low interfacial resistance to charge
transport. This will ensure minimal Rs contributions to the solar cell from the metal-contact in-
terface. The sheet resistance Rsh of the Indium Tin Oxide was 36.1 Ω/. Such a low Rsh value
supports the hypothesis that the charge carrier concentration in the film is excessively high. The
Rsh of the AZO was 165 Ω/, indicating that the film functions effectively as a lateral transport
layer.
The high optical transparency and low Ω/ of the AZO, coupled with the soft atomic layer de-
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position process may offer greater process compatibility with carrier selective contact solar cells.
The soft deposition process will ensure the maintenance of underlying chemical surface passiva-
tion layers such as hydrogenated amorphous silicon or aluminum oxide. This has the potential
to increase the optical and electronic performance of solar cells by increasing their short-circuit
current density Jsc and open-circuit voltage Voc. The low Rs contributions of this film will also
ensure minimal fill factor losses in the solar cell.
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CHAPTER 6: PASSIVATING CARRIER-SELECTIVE CONTACT SOLAR
CELLS USING ALD OXIDE MATERIALS
6.1 Introduction
Throughout this work three different materials have been demonstrated using atomic layer deposi-
tion to offer the desired characteristics of an efficient solar cell contact: effective surface passiva-
tion using hydrogenated Al2O3, efficient carrier selectivity using MoOx, and low-resistance lateral
transport capabilities using AZO. All three of the oxide layers have wide bandgap energies above
3 eV, allowing for increased optical transparency compared to the traditional amorphous and poly-
crystalline silicon layers used in the current state-of-the-art passivating, carrier selective contacts
[65].
In addition to their increased optical transparency, these three materials also have the benefit of
being deposited by ALD. This offers greater process control over the material’s thickness, uni-
formity, and optoelectronic properties. ALD also offers a ’softer’ deposition process compared to
more traditional physical and chemical vapor deposition approaches. This completely alleviates
the damage that can occur to the passivation and carrier-selective layers during the transparent
conducting oxide deposition process that typically occurs during sputter depositions [157]. From a
processing perspective, ALD also simplifies the device fabrication process with only one tool used
to deposit all three components of a passivating, carrier-selective contact.
In order to demonstrate the effectiveness of these materials, this chapter will detail the fabrication
and characterization of solar cell devices using all three as a front-side hole-selective contact to n-
type c-Si substrates. The rear contact of the solar cell will feature an n-type polycrystalline silicon
(poly-Si) passivated contact deposited using chemical vapor deposition. This contact has become
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Figure 6.1: The energy band diagram of the main solar cell structure fabricated in this work. The
front hole-selective contact features an AZO layer with a bandgap energy of 3.3 eV and an electron
affinity of 4.4 eV, a MoOx layer with a work function of 5.6 eV and a bandgap energy of 3.0 eV,
an Al2O3 layer with a bandgap energy of 7 eV and an electron affinity of 4.05 eV, and a thin SiOx
layer with a bandgap energy of 9.3 eV and an electron affinity of 0.9 eV. The rear electron-selective
contact features a SiOx layer and a 75 nm poly-Si layer with a phosphorous dopant concentration
of 3E20 cm–3. The layer thicknesses along the x-axis are not to scale for the ease of interpretation.
a point of focus for many researchers in the photovoltaics industry due to its simple fabrication
scheme and high thermal stability, which features a thin tunneling SiOx passivation layer and a
thick n+ phosphorous doped poly-Si layer [117]. Industrial solar cells featuring a rear n+ poly-si
contact have been demonstrated with open-circuit voltages above 715 mV and efficiencies above
23% [174].
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Figure 6.1 shows the energy band diagram of the solar cell architecture that will be demonstrated in
this chapter. The front hole-selective contact features the hydrogenated Al2O3 developed in Chapter
3. The sub-stoichiometric MoOx developed in chapters 3 and 4 will act as the hole-selective layer.
Its high work function will cause the bands of the c-Si to bend upwards, bringing the surface of
the substrate into depletion. This will allow holes to tunnel through the Al2O3 and into the contact.
The O vacancies with defect energies close to the MoOx conduction band will create opportunities
for holes to undergo trap-assisted tunneling into the contact. The holes will then be transported
through the AZO layer developed in Chapter 5, towards an Ag electrode.
At the rear contact in Figure 6.1, a tunneling SiOx layer will passivate the surface of the c-Si.
An n+ poly-Si with a high phosphorous dopant concentration (∼1020-1022 cm–3) will bring the
rear surface of the c-Si substrate into accumulation, creating a low resistance ohmic contact for
electrons to transport through. During fabrication, the SiOx/poly-Si contact is annealed at high
temperatures between 600-1000°C, which ensures good chemical passivation of the c-Si dangling
surface bonds [117]. This also allows phosphorous dopant species to diffuse into the c-Si surface,
forming a shallow emitter. Once electrons have been collected in the contact, the poly-Si layer
transports the carriers towards a full-area Ag contact.
The following sections will detail the processing of these solar cell devices. The passivation qual-
ity of the ALD oxide layers will be characterized using photoconductance measurements. An
investigation of the process compatibility of all three ALD oxides will be performed using X-ray
Photoelectron Spectroscopy (XPS). A solar cell featuring a sputtered ITO layer in place of the ALD
AZO will also be featured. The solar cell characteristics of both devices will then be recording us-
ing a variety of characterization techniques and a pathway to high efficiency solar cell devices will
be simulated using a one-diode equivalent circuit model.
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6.2 Experimental Details
Solar cell precursor substrates were received from an industrial collaborator featuring a rear-side
n+ poly-Si contact with an interfacial SiOx passivation layer on planar n-type c-Si (1 Ω-cm). A
thick (> 10 nm) SiOx encapsulation layer was removed from the surface of the substrates using a 2
M hydroflouric (HF) acid solution. A thin ∼1 nm SiOx was then grown on the front surface of the
substrates. Next, 1 nm of Al2O3 was grown on the front-side of the substrates using atomic layer
deposition. Trimethylaluminum TMA and ozone O3 were used as the metal precursor and oxidant
pulse, each with a 500 ms pulse time. A forming gas mixture (5% H2, 95%N2) was also used as
the hydrogenation pulse after each oxidation step with a 250 ms pulse time. Next, the substrates
were annealed in air at 450°C for 9 minutes to activate the hydrogen surface passivation in the
Al2O3. 4 nm of MoOx were then grown on top of the Al2O3. Molybdenum hexacarbonyl Mo(CO)6
was used as the metal precursor, with a 4.5 s pulse time, followed by an O3 pulse for 2.5 s. Next,
∼100 nm of AZO was deposited on top of the MoOx using diethylzinc DEZ, TMA and water H2O
as the Zn, Al, and oxidant pulses, respectively. The DEZ and TMA pulse times were 200 ms and
500 ms, respectively, and the water pulse time was 500 ms. The purge time was set to 10 s for
all three ALD oxide recipes. All three oxide thicknesses were confirmed on polished wafers via
spectroscopic ellipsometry (JA Woolam).
A portion of the solar cells feature a sputtered ITO layer as the TCO instead of the ALD AZO.
∼70 nm of ITO was RF sputtered onto the substrates using an RF power of 50 W and a substrate
temperature of 100°C in an argon environment at a deposition rate of ∼0.25 Å/s. A thickness of
70 nm was chosen so that the total oxide thickness, including that of the Al2O3 and MoOx, would
be 75 nm. This oxide thickness as been shown to minimize front surface reflectance and increase
the generation current JG of solar cells, as previously mentioned in Chapter 2.
After the TCO materials were deposited onto the front surface of the solar cells, 1 µm of Ag
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was evaporated through a shadow mask onto the hole contact using an electron-beam evaporation
system. The evaporation rate was set to 1 Å/s and the final Ag thickness was confirmed using a
profilometer. 1 µm of Ag was also evaporated on the rear contact of the solar cells, directly onto
the n+ poly-Si.
Lifetime measurements were performed using a Sinton WCT-120 Lifetime tester in the generalized
(1/64) mode. Suns-Voc measurements were performed to determine the pseudo J-V characteristics
of the solar cell in the absence of Rs contributions on a Sinton Suns-Voc tester. Solar cell current
density versus voltage (J-V) measurements were performed using a commercial BT Imaging LIS-
R1 system featuring a monochromatic laser light source with a wavelength of 808 nm. The sheet
resistance contact resistivity, and line resistance of the Ag/TCO contacts were measured using
Transmission Line Method patterns. This was measured using a Kiethley 2400 sourcemeter.
6.3 Results and Discussion
Figure 6.2a shows the effective carrier lifetime τeff as a function of the excess carrier density ∆n
of the first batch of solar cells featuring an all ALD oxide hole-selective contact after: 1) the Al2O3
hydrogenation step, 2) the MoOx deposition, and 3) the AZO depositions. Figures 6.2b-6.2d show
schematically the three ALD oxide layers that are deposited during the processing of the solar cells.
Once the hydrogenated Al2O3 has been deposited and annealed at 450°C for 9 minutes, the τeff
reaches a value of 774 µs at a ∆n level of 1E+15 and the iVoc is 672 mV under one-sun conditions.
The τeff drops to 522 µs after the MoOx is deposited, lowering the iVoc to 659 mV under one-
sun conditions. This is likely due to some amount of hydrogen, provided by the Al2O3, diffusing
away from the c-Si surface. The τeff increases up to 704 µs during the AZO deposition step in
this study, raising the iVoc to 666 mV under one-sun conditions. The recovery of the c-Si surface
passivation can be attributed to the relatively high temperature (200°C) of the AZO deposition.
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A similar process occurs in SHJ solar cells where a low-temperature anneal (130°C) recovers the
chemical passivation provided by the a-Si:H(i) after ITO sputter damage occurs [157]. The final
value of the iVoc, although lower than those of SHJ solar cells, is comparable to industrial PERC
technologies [175].
Figure 6.2: a) The effective carrier lifetime τeff as a function of injection level ∆n after the
deposition of the three ALD oxide layers that form the hole-selective contact of the first solar
cell architecture shown in this chapter, shown schematically in b)-d): the hydrogenated Al2O3
after annealing at 450°C, the hole-selective MoOx, and the AZO lateral transport layer and anti-
reflection coating.
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Next, the solar cell current-voltage characteristics were measured on the novel solar cell featuring
the ALD oxide hole-selective front contact and rear n+ poly-Si contact. Figure 6.3 shows the
pseudo-J-V curves of this solar cell measured using the Sinton Lifetime tester before metallization
and after metallization using the Sinton Suns-Voc tester. Both of these techniques report pseudo-
J-V curves measured under open-circuit conditions in the absence of any solar cell Rs. There is a
significant difference between the iVoc (666 mV) and Voc (451 mV) of these curves, which indicates
that there is a loss in carrier selectivity at either the electron- or hole-selective contact due to an
insufficient gradient in the quasi-Fermi energy at either of the contacts.
Figure 6.3: The pseudo current density versus voltage J-V curves measured before front and rear
metallization using the Sinton Instruments Lifetime tester and after metallization using the Sinton
Instruments Suns-Voc tester. The significant difference between the iVoc and Voc in these measure-
ments suggests a lack of selectivity in either or both of the carrier-selective contacts.
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An investigation was conducted to determine the origin of the loss in carrier-selectivity in the
novel solar architecture indicated by the large difference in the iVoc and Voc in Figure 6.3. Due
to the wealth of research used to develop the poly-Si electron-selective contact and the high ther-
mal robustness of this material system, it is unlikely that the electronic properties of this layer
would degrade during the relatively low-temperature ALD processing in this study. A loss in
hole-selectivity is likely, however, and would come as a result of the reduction of the ALD MoOx
contact. This can come from the formation of oxygen vacancies in the MoOx during the solar cell
fabrication process. As previously shown in Chapter 4, a high MoOx work function can be directly
correlated to significant upward band-bending in the c-Si, which leads to efficient hole-selectivity.
For this reason, the work function of the MoOx was monitored during the solar cell fabrication
process using XPS measurements. Figure 6.4 shows the secondary electron cutoff after: 1) the
MoOx deposition, 2) introducing the sample to the AZO deposition chamber at 200°C for 2 hours,
3) pulsing the sample with water to simulate the AZO oxidation step, and 4) after e-beam evapo-
ration of 1 µm of Ag onto the sample. A quartz slide was placed in front of the MoOx during the
e-beam evaporation step to preserve the MoOx while still allowing high energy X-rays to transmit
through to the sample.
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Figure 6.4: The secondary electron cutoff spectra of Al2O3/MoOx samples exposed to different
steps of the solar cell fabrication process: 1) as-deposited MoOx, 2) introduction of the contact
into the AZO deposition chamber at 200°C for 2 hours, 3) after one pulse of water to simulate
the AZO oxidation step, 4) after e-beam evaporation of 1 µm of Ag. The Al2O3/MoOx sample
was shielded with a quartz slide during e-beam evaporation to allow only high energy X-rays to
transmit through to the films. The secondary electron cutoff energy is significantly lowered during
the AZO water pulse step, indicating O vacancy formation in the presence of water.
Table 6.1 lists the value of the work functions measured during this investigation. It shows that the
work function of the MoOx remains relatively stable, with only a slight reduction from 5.60 to 5.52
eV after being introduced to the ALD AZO chamber at 200°C for 2 hours. This further validates
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Table 6.1: The MoOx work function values gathered using XPS measurements during the solar cell
processing sequence: 1) as-deposited MoOx after air exposure, 2) introduction of the contact into
the AZO deposition chamber at 200°C for 2 hours, 3) after one pulse of water to simulate the AZO
oxidation step, 4) after e-beam evaporation of 1 µm of Ag.
Processing Step Processing Temperature (°C) MoOx Work Function (eV)
1) As-deposited MoOx 160 5.60
2) Introduction to AZO chamber 200 5.52
3) AZO water pulse 200 4.91
4) E-beam evaporation 25-50 5.61
the thermal robustness of the MoOx, demonstrating it’s versatility in future processing sequences.
Pulsing the MoOx with water at this elevated temperature significantly lowers the MoOx work
function to 4.91 eV, however. This corresponds to a ∼0.7 eV reduction in band-bending in the c-
Si, a clear indication that the ALD AZO processing step is responsible for the low Voc value shown
in Figure 6.3. The e-beam evaporation step does not lower the MoOx work function, indicating
that no reduction occurs due to high energy X-rays that may originate during this processing step.
It has been shown that MoOx reduces in the presence of water, due to the intercalation of hydrogen
atoms into the film [176]. This is likely the cause for the loss in selectivity seen in the Suns-Voc
curves in Figure 6.3. The results of the XPS measurements in Table 6.1 further support this notion,
as the work function significantly lowers during the water pulse of the ALD AZO processing
sequence. To address the process incompatibility of the ALD MoOx and AZO layers, solar cells
with sputtered ITO instead of AZO, were fabricated in order to improve the Voc and hole-selectivity
of the novel solar cell design presented in this chapter. By removing the water oxidation pulse that
previously occurred during the AZO deposition, the work function of the MoOx layer may be able
to be maintained, ensuring positive upward band-bending at the front surface of the c-Si. Figure
6.5 shows the the effective carrier lifetime τeff as a function of the excess carrier density ∆n for the
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second batch of novel solar cells after: 1) the Al2O3 hydrogenation step, 2) the MoOx deposition,
and 3) the ITO sputter deposition. Figures 6.5b-6.5d show schematically the three ALD oxide
layers that are deposited during the lifetime measurements in Figure 6.2a. Once the hydrogenated
Al2O3 has been deposited and annealed at 450°C for 9 minutes, the τeff reaches a value of 770
µs at a ∆n level of 1E+15 and the iVoc is 662 mV under one-sun conditions. The τeff and iVoc
are, once again, slightly lowered after the MoOx deposition to 514 µs and 655 mV, respectively.
As with the first solar cell presented in this chapter, the reduction in lifetime can be attributed to
a loss in chemical surface passivation and hydrogen diffusion away from the c-Si interface during
the MoOx deposition. The ITO sputtering process significantly lowers the τeff and iVoc of this
device to values of 58 µs and 512 mV, respectively. This is a clear indication that the large flux of
high energy particles during the ITO sputtering process damages the chemical surface passivation
provided by the Al2O3.
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Figure 6.5: a) The effective carrier lifetime τeff as a function of injection level ∆n after the
deposition of the two ALD oxide layers and sputtered ITO that form the hole-selective contact of
the second solar cell architecture in this chapter, shown schematically in b)-d): the hydrogenated
Al2O3 after annealing at 450°C, the hole-selective MoOx, and the ITO lateral transport layer and
anti-reflection coating.
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Figure 6.6 shows the pseudo-J-V curve measured after metallization using the Sinton Suns-Voc
tester as well as the final J-V curve measured using the custom solar simulator setup. The Suns-
Voc technique reports an implied Fill Factor (iFF), which is calculated from the implied voltage
difference across the device at the maximum power point [177]. The iFF in Figure 6.6 is 73.1%,
much larger than that of the real J-V curve, which is 27.8%, indicating that the Rs of the solar
cell is significantly high. The Jsc of the real J-V curve is also lower than that predicted by the
Suns-Voc pseudo-J-V curve, indicating that parasitic optical absorption is limiting the available JG
Figure 6.6: The pseudo-J-V curves measured before front and rear metallization using the Sinton
Instruments Lifetime tester and after metallization using the Sinton Instruments Suns-Voc tester.
The real J-V curve after metallization. A custom solar simulator and J-V station was used for the
final measurement, which included a Newport ABA solar simulator, a Kepco power supply, and
a Kiethley 2400 Sourcemeter. The difference in the iVoc and Voc comes as a reult of ITO sputter
damage and the low J-V fill factor is the result of a high Rs.
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to the device. The lowered transparency of the ITO layer, shown in Chapter 5, is likely the largest
contributor to the parasitic optical absorption.
In order to identify the cause of the lowered Rs (Rs) in the solar cell, indicated by the reduced
FF of the solar cell plotted in Figure 6.6, the Rs components of the device were measured and
calculated according to the methods outlined in [10]. Table 6.2 lists each Rs component of the
solar cell along with the total Rs in bold. The front and rear metallization have significantly high
contributions to the total Rs. This is due to the low aspect ratio of the Ag metallization, deposited
at a thickness of only 1 µm. These Rs contributions were recalculated for the ideal case, where
standard industrial Ag thicknesses of 15 µm are deposited using a screen-printing process, making
the Ag electrodes much more conductive [178]. This significantly lowers the total Rs of the solar
cell. The frontRsh contribution to theRs is also recalculated using the value measured on the more
optically transparent AZO. With these changes, the total Rs is reduced from 10.65 to 1.26 Ω-cm.
Table 6.2: The Rs components of the solar cell exhibited in Figure 6.6 measured using a Kiethley
2400 Sourcemeter and calculated according to the methods in [10]. The values are compared to the
calculated Rs values of a solar cell featuring industrial screen-printed Ag contacts. The front Rsh
contribution to the solar cell Rs is also calculated using the Rsh measured on the more optically
transparent AZO.
Component Rs (Ω-cm2) Rs,ideal (Ω-cm2)
Front Busbar 6.80 0.00144
Front Fingers 2.67 0.00177
Front ρc 0.0122 0.0122
Front Rsh 0.270 0.964
Substrate 0.020 0.020
Rear ρc 0.244 0.244
Rear Ag Rsh 0.636 0.00424
Total 10.7 1.26
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To understand the impact of the Rs on the final solar cell results shown in Figure 6.6, a one-diode
equivalent circuit model can be used to calculate the J-V relationship of the solar cell with the real
and improved Rs values:








where JL is the light generated current density, J0 is the saturation current density, kT/q is the
thermal voltage, n is an ideality factor, and Rshunt is the shunt resistance of the solar cell.
Figure 6.7 shows the simulated J-V curves of the real and improvedRs cases. The actual J-V curve
from Figure 6.6 is superimposed on the plot in grey for reference. For the simulation of the real J-V
curve: value of JL is set to 32.2 mA/cm2. The J0 is calculated to be 14.7 pA/cm2, using the slope of
the inverse Auger-corrected lifetime (1/τeff − 1/τAug) versus ∆n curve, according to the methods
in [179]. The ideality factor n is set to 1, which assumes minority-carrier-limited recombination.
The value of Rshunt is set to 1 kΩ-cm2, assuming no shunt paths exist in the real solar cell device.
The Rs is set to 10.65 Ω-cm2 to reflect the value in Table 6.2. The Rs of the measured J-V curve
appears to be slightly higher than that of the ’High Rs’ simulation. This may be due to an added
contact resistivity at the MoOx/ITO interface, which was not measured in this study.
For the case of the improved Rs due to the incorporation of a more conductive Ag electrode, an
Rs value of 1.26 Ω-cm2 is used with all other input parameters remaining the same. The FF of
this J-V curve improves to 74.3%, with a conversion efficiency η of 13.3%. This indicates that
the performance of the solar cell can be significantly improved with the incorporation of industrial
screen printing techniques. Still the Jsc and Voc of the device can be drastically improved.
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Figure 6.7: The measured and simulated J-V curves of the nocel solar cell device discussed in
this chapter. The simulation parameters of the real J-V curve are as follows: light collected current
density JL is 32.2 mA/cm2, saturation current density J0 is 14.7 pA/cm2, ideality factor n is 1, shunt
resistance Rshunt is set to 1 kΩ-cm2, and Rs is set to 10.65 Ω-cm2 to reflect the calculated Rs of
the real device. The simulation of the improved Rs solar cell J-V curve uses the same parameters,
but with an Rs value of 1.26 Ω-cm2. The parameters for the solar cell with an improved TCO are
the same, except: JL is 39.9 mA/cm2, and J0 is 467 fA/cm2.
One critical area of improvement lies in the processing of the TCO of this device. The ALD AZO
material developed in Chapter 5 offered increased optical transparency compared to the ITO and
demonstrates no damage to the c-Si surface passivation in this chapter. If ozone could be used for
the oxidant during the ALD AZO processing, instead of water, then the MoOx would likely retain
it’s efficient hole-selectivity. This change in the processing sequence presents an opportunity for
increased solar cell performance by preserving the surface passivation, hole-selectivity, and optical
transparency of the ALD hole-selective contact stack. The generation current JG of this solar cell,
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featuring a front-side Al2O3 passivation layer [84], a MoOx hole-selective layer [80], and AZO
TCO [180] was simulated using SunSolve [9]. This resulted in an excellent JG value of 39.9
mA/cm2 due to the high transparency of the AZO film. Figure 6.7 shows the simulated J-V curve
of the solar cell featuring the ’improved TCO’ using this value.
The J0 in this simulation is set to 467 fA/cm2. This value was calculated using the Auger-corrected
inverse lifetime data of the solar cell measured in Figure 6.2 to reflect the undamaged passivation
quality of the solar cell after AZO deposition. The rest of the input parameters remain the same as
those in the ’Improved Rs’ case. For this simulation, the Voc increases to 650 mV, the Jsc increases
to 39.1 mA/cm2, and the FF slightly increases to 75.8%. These changes lead to a photovoltaic
conversion efficiency η of 19.7%. This suggests that by simply changing the oxidant precursor in
the ALD AZO process from water to ozone and by using an indistrial screen-printing process for
the Ag metallization, the performance characteristics of the solar cell presented in this work can
be significantly improved.
6.4 Summary
In this chapter, the three materials developed throughout this dissertation work are integrated into
a novel solar cell architecture featuring a front-side ALD oxide hole-selective contact and rear-side
n+ phosphorous doped poly-Si electron-selective contact with a tunneling SiOx passivation layer.
The passivation quality of this device is monitored during the ALD processing sequence using
photoconductance measurements and an iVoc of 666 mV is recorded after the AZO deposition. The
Voc, measured using the Suns-Voc technique, is significantly lower at 451 mV. The large difference
between the iVoc and Voc indicates a lack of carrier-selectivity in one or both of the solar cell
contacts.
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An XPS investigation is carried out to determine if the lack of carrier selectivity originates from
a degradation of the MoOx during the ALD processing of the solar device. The investigation
suggests that the water-based oxidation pulse used in the AZO process significantly reduces the
MoOx, likely leading to the loss in carrier-selectivity of the device. In an attempt to remedy this
process compatibility issue, the ALD AZO layer is replaced with a sputtered ITO to serve as the
TCO layer.
Photoconductance measurements carried out during the fabrication of the device featuring ITO
indicate that the surface passivation quality of the Al2O3 is severely damaged during the ITO sput-
tering process. This leads to a large drop in the Voc of the device indicated by Suns-Voc and J-V
measurements. In addition to this, the FF of the solar cell is significantly lowered by the Ag
metallization, which is only 1 µm thick.
Using a one-diode equivalent circuit model, a path towards improving the solar cell J-V character-
istics is demonstrated. First, the Rs components of the solar cell are calculated for the actual solar
cell with only 1 µm of Ag, and for the same solar cell featuring industrial screen-printed Ag that
is 15 µm thick. By using the thicker Ag metallization, the Rs can be reduced from 10.7 to 1.26
Ω-cm2. The simulations indicate that this change could lead to a solar cell efficiency of 13.3%.
Further simulations suggest that if the ALD AZO oxidant is switched from water to ozone and the
MoOx is able to retain it’s efficient hole-selectivity, then the Jsc of the solar cell can be significantly
improved to 39.1 mA/cm2. This simulation also assumes that the Al2O3 effectively passivates the
c-Si surface, as the soft ALD processing will not damage the c-Si/Al2O3 interface. This assump-
tion leads to a Voc of 650 mV. The final photovoltaic conversion efficiency of this simulation is
19.7 %, suggeesting that the performance of the device presented in this chapter has the potential
to be significantly improved by changing the oxidant choice in the ALD AZO recipe and using an
industrial screen-printing process for the Ag metallization.
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CHAPTER 7: CONCLUSION
The rapid growth of renewable energy production is necessary for the sustainability for the growing
global population. Over a third of all new global electricity capacity came from the solar energy
sector in 2017. The rapid growth of solar comes as a result of over 50 years of research and market
development. As manufacturers of solar technologies seek to ramp up next generation production
lines, there is a need for a technological solution that can combine the low cost of Al-BSF solar
cells with the superior performance of PERC technology.
The photovoltaics research community has identified passivating, carrier-selective contact solar
cells as the next generation of devices to succeed the PERC solar cell. Rather than heavily doping
the c-Si substrate to separate charge carriers, these devices use doped polycrystalline or amorphous
silicon contact layers of opposite polarity to create asymmetrical conductivity and a gradient in the
quasi-Fermi energies of carriers in the device. These ’carrier-selective’ layers are separated from
the c-Si substrate by passivation layers, which electronically deactivate the high concentration of
defects at the c-Si surface. The passivation layers in these devices are very similar to those used
in PERC technologies, but they do not require a complex contact opening step, which lowers their
production cost.
In this work, four key characteristics of passivating, carrier-selective contacts solar cells were
identified: optical transparency, effective surface passivation, efficient carrier-selectivity, and low-
resistance lateral transport capabilities. The silicon-based contacts found in current state-of-the-art
passivating, carrier-selective contact solar cells sufficiently address these four key characteristics.
However, the optical transparency of these contacts is limited by the somewhat narrow bandgap of
silicon. In this work, three oxide materials are presented that have the potential to replace these
amorphous and polycrystalline silicon materials and improve the performance of next-generation
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solar cells due to an increase in available generation current.
In addition to their increased optical transparency, these three materials also have the benefit of
being deposited by atomic layer deposition (ALD). This offer greater process over the material’s
thickness, uniformity, and optoelectronic properties. ALD also offers a ’softer’ deposition process
compared to more traditional physical and chemical vapor deposition approaches thanks to it’s
monolayer growth technique, controlled by the sequential pulsing chemical precursors. From a
processing perspective ALD also simplifies the device fabrication process with only one tool used
to deposit all three components of a passivating, carrier-selective contact. This has the potential to
save on operating expenses in industrial fabrication settings.
In Chapter 3, hydrogenated Al2O3 was used to provide effective surface passivation to the c-Si
substrate. The ∼ 1.5 nm thickness of this layer allows carriers to efficiently transport through the
contact with a low contact resistivity of ∼25 mΩ-cm2. Despite the ulta-thin thickness of this layer,
the hydrogenation step provides significant surface passivation, allowing for implied open-circuit
voltages iVoc above 685 mV. This presents a significant advancement to solar cell passivation, as
the hydrogenation step opens the door to much thinner passivation layers in several different device
architectures. This chapter also introduced sub-stoichiometric molybdenum MoOx as a high work
function hole-selective contact, which creates upward band-bending in the c-Si and creates a high
concentration of holes at the contact for efficient charge collection. The surface passivation of
n-type c-Si was enhanced by the MoOx due to the upward band-bending, which repels electrons
away from the surface, reducing carrier recombination.
In Chapter 4, the industrial feasibility of MoOx contact fabrication was demonstrated using spatial
ALD, a high throughput deposition tool that uses gas ’curtains’ to separate chemical precursor
reaction zones while substrates are spatially translated from one reaction zone to the next. The
spatial ALD MoOx was deposited at a speed of 60 RPM to achieve 5 nm film thicknesses in under
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one minute. The structural and optical properties of the films were investigated using XPS, TEM,
and ellipsometry. The structural properties were then correlated to solar cell device characteristics
using carrier transport simulations. The contact performance is also evaluated using photocon-
ductance measurements of silicon heterojunction solar cells and contact resistivity measurements
on p-type c-Si substrates. The results indicate that spatial ALD presents a viable opportunity for
industrial implementation of MoOx in industrial solar cells.
In Chapter 5, Al-doped zinc oxide (AZO) was developed as a low-resistance lateral transport layer
for passivating, carrier-selective contact solar cells. This layer also serves as an anti-reflection coat-
ing, which provides destructive interference to incoming light rays, increasing the fraction of light
that gets absorbed in the c-Si. In addition to O vacancies in the zinc oxide, the Al dopant species
act as charge carrier donors. The Al dopant concentration must be carefully selected in order to
minimize the resistivity of the film without shifting the infrared or ultraviolet cutoff frequencies
of the optical bandgap. In this chapter a series of AZO films were developed using a variety of
process conditions to obtain a film resistivity of 1.79 mΩ-cm and an optical transparency ≥84%
in the 300-1300 nm spectral range. These results were compared to a sputtered indium tin oxide
(ITO) film, which exhibited a much lower optical transparency ≥73%. The resistivity of the ITO
(0.37 mΩ-cm) was much lower than that of the AZO, which is likely due to a high free carrier
concentration generated by O vacancies in the film.
In Chapter 6, the three ALD oxide materials developed throughout this work were implemented as
a front-side contact in a passivating, carrier selective contact solar cell. The rear contact used in
this device was an n+ polycrystalline silicon contact with an ultra-thin (∼1 nm) passivating SiOx
tunneling layer. The iVoc of this device was 666 mV after completion of the ALD processing se-
quence. However, the Voc was significantly lower (451 mV), indicating a lack of carrier-selectivity
in the contacts. An XPS investigation revealed that the hole-selective MoOx reduces during the
subsequent ALD AZO processing step. The evidence suggests that the water pulse during this
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step introduces atomic hydrogen into the film, lowering the work function of the material. In an
attempt to remedy this, sputtered ITO was used in place of the ALD AZO. However, the sputtering
process significantly damaged the passivation quality of the Al2O3 in the hole-selective contact,
lowering the Voc of this device to 521 mV. In addition to this, the Rs of these solar cell devices was
significantly high due to a lack of conductivity in the 1 µm thick Ag contacts.
Using a one-diode equivalent circuit model, a path towards high performance solar cells using these
ALD oxide materials was simulated. The simulations show, that by using industrial screen-printed
Ag contacts, the Rs of the devices presented in Chapter 6 could be lowered from 10.7 to 1.26
Ω-cm2, which significantly increases the FF of the solar cells to 74.3%, making the photovoltaic
conversion efficiency 13.3%. In addition to this, if by switching the oxidant in the ALD AZO
process from water to ozone, the hole-selectivity of the MoOx could be preserved, then the device
performance could be significantly improved. The simulations indicate that the Jsc of these devices
could increase to 39.1 mA/cm2 thanks to the increased optical transparency of AZO compared to
ITO. The Voc of the device could also remain as high as 650 mV, as the soft ALD processing of
the AZO would not damage the Al2O3 passivation. These changes lead to a simulated photovoltaic
conversion efficiency of 19.7%.
The results of this work have demonstrated the high performance of oxide materials for passivat-
ing, carrier-selective contact solar cells and the increased control that ALD offers to the structure,
processing, and properties of thin films. The hydrogenation step in the ALD Al2O3 processing
sequence presents an area of research that may open the door for new applications in materials
science. Future work will explore increased chemical passivation performance using several oxide
materials as hydrogenated tunneling layers as well as new hydrogen incorporation techniques in
Al2O3 that may open the door to increased passivation for Voc values above 700 mV. The develop-
ment of an ozone-based oxidant for the AZO layer will also be explored in order to fully realize
the potential of the high efficiency solar cell simulations presented in Chapter 6.
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Schneiderlöchner, Hendrik Sträter, Franziska Wolny, Matthias Wagner, Phedon Palinginis,
and D. Holger Neuhaus. Loss analysis of 22% efficient industrial perc solar cells. En-
ergy Procedia, 124:131 – 137, 2017. 7th International Conference on Silicon Photovoltaics,
SiliconPV 2017, 3-5 April 2017, Freiburg, Germany.
[176] A. Borgschulte, Olga Sambalova, Renaud Delmelle, S. Jenatsch, R. Hany, and F. Nüesch.
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